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ABSTRACT 


A manganese-iron ore from New Brunswick, Canada, 
averaging 12.4% Mn and 14.2% Fe was leached and solvent ex- 
tracted on a laboratory scale, 

The effects of several variables: ore-to-acid 
and solid-to-liquid ratios, particle size, duration and 
temperature of leaching, were evaluated. Ina typical test 
On a minus 65 mesh ore sample, at 60-70°C, with ore-to-acid 
ratio of 1:0.4 and solid-to-liquid ratio of 1:2.5, the re- 
covery in the leach liquor in one hour was Mn 92.7%, Fe 3.2%. 
The concentration of Mn was further increased, and the iron 
content simultaneously decreased to less than lg/litre, when 
the leach solution was recycled through a fresh batch of ore, 
in order to neutralize the free acid. 

Further purification and concentration was carried 
out employing a solvent extraction process using kerosine 
solution of di (2-ethyl hexyl)-phosphoric acid (D2EHPA). A 
systematic study of the partition coefficient dependence on 
the following parameters: pH, D2EHPA concentration, concen- 
tration of Mn in aqueous phase, ratio of aqueous-to-organic 
phase, time of mixing and temperature, was made. 

The results indicate that macro amounts of manga- 
nese can be extracted quantitatively at 25°C and at pH 4.5- 


5.5 according to the equation: 


Mn** + (HL), = Mn, + 2H” (1) 
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The infra-red spectrum of Mn-D2EHPA indicates a 
shift in the P = O stretching frequency from 1227 cm to 
1192 cm71, which is attributed to the Mn-O bond formation. 

Metallic manganese has been electroplated from 
amide baths of manganese chloride in a diaphragm cell. 

The metal of approximately 99% purity and the current ef- 
ficiency as high as 76% have been obtained. Effects of, 
anode and cathode pH, concentration of salts in the elec- 
trolyte, current density etc., on the current yield have 


been investigated. 
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INTRODUCTION 


The continuing expansion of steel industry calls 
for an increased manganese production. As the rich mangan- 
ese deposits are quickly being exhausted, the low grade 
ores will probably assume, before long, a much greater 
importance than heretofore, 

Physical methods of beneficiating low-grade manga- 
nese ores have been studied extensively: but, due to the com- 
plexity of the ore minerals and gangue present, these 
methods are reported to have met with very little success. 

The iron-manganese ore from New Brunswick is too 
low in iron to be used directly as an iron ore. The first 
attempt (1) to exploit this deposit was made in 1848 when a 
blast furnace was erected in the area with a capacity of 7 
tons iron per day; however, the manganese content of the 
ore is not high enough to be recovered by pyrometallurgical 
methods, 

The ore is a typical example of a low-grade iron- 
manganese material which does not respond to the convention- 
al physical methods of beneficiation, such as: flotation, 
gravity concentration etc. A small capacity experimental 
sink float plant was set up in 1953, near the deposit to 
up-grade the oxide before shipment to the blast furnace at 
Niagara Falls. The results indicated that a concentrate 


of 40% manganese grade could be obtained with an overall 
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manganese recovery of about 70318), 

During the preliminary tests in this project the 
sample of ore received from Woodstock, N.B., appeared to be 
amenable to leaching by dilute mineral acids, A detailed 
leaching study has been carried out using sulphuric acid. 
The leach liquor contained appreciable amounts of impurities 
that had to be removed before electrowinning metallic manga- 
nese. 

Normally, the leach liquor is purified from heavy 
metal impurities by sulphide precipitation at an appropriate 
pH, while iron is removed by aeration of the liquor followed 
by filtration of the precipitated hydrated oxide. The sul- 
phide treatment leaves an objectionable amount of sulphide 
in the liquor, necessitating its subsequent removal, while 
aeration and filtration of slimy precipitates involve too 
long and tedious procedures. These difficulties are avoid- 
ed by using solvent extraction which selectively extract 
manganese in the organic phase leaving the impurities in 
the aqueous phase. Beside selectivity, simplicity, scope 
and speed are the additional merits of this process. The 
loaded solvent is stripped of its manganese content by a 
stoichiometric quantity of any mineral acid. 

Metallic manganese can be obtained by electro- 
lysing the aqueous solutions of manganese in the presence 
of a large amount of ammonium salt or from the fused manga- 


nese salts. 


An attempt has been made to electroplate manga- 
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nese in non-aqueous media. The experimental evidence indi- 
cates that the method could be developed for useful appli- 
cations, such as: electrowinning, improvement of purity 


and mechanical properties of the metal. 
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PROPERTIES AND USES OF METALLIC MANGANESE 


Manganese is a very hard, grayish-white metal. In 
a pure state as electrolytic manganese, it scratches 
glass, Manganese was first isolated in 1774 by Ghan and 
Scheele. The physical and chemical properties of manganese 
are roughly the same as those of iron, the chief differ- 
ence being that manganese is harder and more brittle but 
less refractory. It‘is: fairly electropositive, 


++ s 
Mn = Mn + 2e | E° = 1,18V (1) 


It occurs in four allotropic modifications: brittle or 
alpha (which is the common variety), beta, gamma (or 
ductile variety), and delta. The physical properties are 
given in Table I, 

Manganese is readily dissolved in dilute non- 
oxidizing acids. It is very reactive towards oxygen and 
moisture, its greyish-white lustre is dulled by the for- 
mation of an oxide film in air. It is not particularly 
reactive towards non-metals at ordinary temperatures, 
but at elevated temperatures it reacts vigorously. It 


burns in chlorine, fluorine and nitrogen to give chloride, 


fluoride and nitrides, respectively. It also combines 
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directly with boron, carbon, silicon, and phosphorus, but 


not with hydrogen, 


Table I 


Physical Properties of Electrolytig Manganese 7) 


Alpha Manganese Gamma Manganese 
Electrical Resistivity 1896x1070 ohm cm 44.5x100° ohm cm 


Hardness (Mohs' Scale) Jad 248 
Density 7.45 g/cm” 1120 g/cm? 
Magnetic Susceptibility 14x107° ax107° 


Transition temperatures (@sm) 


Alpha-beta 12556 
Beta-gamma 1098°C 
Gamma-delta WVS5°R 
Delta-liquid 1246°C 


AS Metallurgical Uses 


The primary use of manganese is in the manufacture 
of ordinary carbon steels and in the production of high man- 
ganese steel. In steel-making manganese acts as a deoxidizer 
and desulphurizer thus preventing the production of iron sul- 
phide which causes hot embrittlement of steel and minimizing 
the blowhole formation in the ingot. 


Manganese is added to molten steel in the form of a 
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ferro-manganese alloy known as spiegeleisen containing 


18-22% manganese. Additions of manganese impart high 


tensile strength to steels, thus parts which are subjected 


to severe mechanical shocks, abrasions and distortion, e.g. 


rail crossings, automobile wheels etc. are made 
manganese steel. The so-called Hadfield steels 
12-15% Mn and are used whenever high resistance 
and erosion is required. 

In non-ferrous metallurgy manganese is 
with a number of elements like copper (used for 


pellers), manganese-bronze used for properllers. 


of high 
contain 


to wear 


alloyed 
turbine*pro- 


Aluminun-, 


magnesium-, and nickel-manganese alloys are also used, e.g. 


for spark plugs“etc. 


B. Non-metallurgical Uses 


Manganese dioxide is used in electrical batteries, 


in glass, ceramic and enamel industry. 


Manganese salts, oxides and organic compounds have 


application in paint and varnish industry fOreO Li Sariers, 


Also chemicals, to be used for pigment and oxidizers for 


laboratory and industrial purposes. 
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REVIEW OF THE LITERATURE 


Many extraction schemes have been developed and pro- 
posed for the recovery of manganese from ores, They may be 
broadly classified as pyrometallurgical and hydrometallurgic- 
al or chemical processes, 

From a hydrometallurgical standpoint manganese ores 
may be divided into several types: (1) Ores in which manganese 
minerals are readily soluble in at least one solvent; (2)Ores 
in which manganese minerals require preliminary treatment to 
make it soluble; (3) Ores containing manganese in insoluble 
form; (4) Ores which destroy excessive amount of solvent due 
to soluble impurities. 

To class one belong all the higher oxides of manga- 
nese, such as pyrolusite (MnO. ) psilomelane (H,BaMn,0.9), 
braunite [3 (MN, Fe) ,0,.MnSi0.] and wad, as well as the manga- 
niferous ores. These minerals are readily soluble in acids. 
To class two belongs rhodochrosite (MnCO,), which requires 
calcining to expel CO, before the manganese is solubilized in 
sulphurous acid or ammonium compounds. To class three belong 
rhodonite (MnS1i0, ) and the partly oxidized black silicates 
which are practically insoluble in the usual leaching agents. 
Class four is represented by ores with high lime gangue which 
precludes acid leaching. 

In chemical processes, the active solubilizing 


agents are derived from chlorine, nitrogen or sulphur com- 
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pounds, A complete survey of the three processes has been pre- 
sented in the form of a report by the author “9) (Department of 
Mining and Metallurgy, University of Alberta, Edmonton). The 
processes employing chlorine and fixed nitrogen are reviewed 
by Norman and Kirby 4) , Below, only a brief recapitulation 


of the main aspects of the three types of processes is given. 
A. CHLORIDE PROCESSES 


When chloride processes are applied to manganese, 
the latter is volatilized in the form of manganous chloride 
(MnC1.) away from the gangue minerals. Ina general classifi- 
cation chloride processes may be divided into leaching, and 
Chloridization. In leaching, reagent such as aqueous hydro- 
chloric acid is used to dissolve manganese as chloride. 

Most of the problems found in this technique concern the 
simultaneous dissolution of other constituents from the raw 
material, necessitating a subsequent separation of manganese. 

In chloridization, on’ the other hand, a pyrechemic- 
al technique is employed to convert the manganese in the raw 
material to chloride. The manganese ore is roasted in the 
presence of a chloride source at temperature high enough to 
allow the formation of MnCl,. The source may either be a 
gas such as hydrogen chloride (HCl), or an admixed solid 
such as sodium chloride (NaCl) or calcium chloride (CaCl.). 
If the roasting temperature is low the vapor pressure of the 
MnCl. formed will not be high enough to cause volatilization 


2 
of the chloride, in which case the MnCl, formed will remain 
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in the roasted material. The manganous ehisride and all the 
other chlorides are then dissolved out with water. 

The disadvantages of the chloride processes is that 
at higher temperature they are very corrosive. Part of the 
leaching agent is decomposed generating chlorine according 


to reaction 


M = 
ay, + 4HCl HSS + 2H,0 + Cl. (2) 


B. FIXED NITROGEN PROCESSES 


Fixed-nitrogen processes for recovering manganese 
from its ores may employ one or more of several fixed nitrogen 
compounds, such as ammonia, nitric acid, or certain ammonium 
salts. The ore may be directly solubilized or the ore may re- 
quire roasting. 

The nitrogen compounds used for leaching manganese 
(such as nitric acid, developed by Nopeonee. and nitrogen di- 
oxide) convert the manganese minerals [except rhodonite 
(MnSi0,)] to soluble nitrates. The manganese nitrate can 
then be decomposed to an almost chemically pure manganese 
dioxide. 

Other fixed-nitrogen processes employ ammonium sul- 


phate [ (NH SO, ] and ammonia-carbon dioxide-water system 


42 
that is, ammonium carbamate process. The reactions of the 


process may be written as: 
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NH, + HO = NH,OH (3) 
pinPoncEscos.- omc 4 2H_0 4 
4 2 a 2 (4) 
NH, 
ammonium 
carbamate 
ONH O re NH 
MnO + 0 = 4 4 = Mn - 
é \ 
NH, ONH, (5) 
O 
; I 
-C-NH 6) 
Mn~ 2 + 2H.0 = Mn~ YC = 0 + 2NH,OH (6) 
manganous 
carbonate 


Ammonium sulphate leach as in Bradley-Fitch process(6) 
is carried out on reduced manganese ore with a solution of 10% 
(NH) 50, at 90°C; the following reaction takes place: 


MnO + (NH,),SO, = MnSO, + 2NH, + H,0 (7) 


4 


(7) 


Similarly, in Bruce Williams process ,» the manganese ore is 
roasted with ammonium salts like (NHy) 2S0,, NH,HSOz, NH,Cl, etc., 
at 450-550°C, and the manganese oxides are converted into the 


corresponding salts according to the reactions: 


3Mn0, + 3(NHy) SO, = 3MnSO, + 4NHz + Nz + 6H,0 (8) 


MnO, + NH,HSO, = MnSO, + NHz + H,0 (9) 
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MnO + 2NH ,C1 = MnCl, + 2NH, + H,0 (10) 


C. SULPHUR PROCESSES 


The sulphur processes are divided into four groups: 
(1) treatment with gaseous sulphur dioxide, (2) dithionate 
and sulphate process, (3) iron pyrite roast, and (4) sulphur- 


ic acid leaching process, 


1. Sulphur Dioxide Process 

The oxides of manganese may readily be converted 
to manganous sulphate (MnSO, ) by treating with gaseous sulphur 
dioxide or by sulphurous acid at concentrations which do not 
lead to iron sulphate formation. In application to carbonate 
ores a preliminary roasting is required, 


(8) 


Leaver was the first to develop a commercial 
method of leaching manganese with SO, and sulphurous acid. 
The crushed ore was pulped with water and treated with furnace 
gases containing 2-6% SO. counter currently ina specially de- 
signed drum. The discharged pulp was filtered. The leach 
liquor contained about 11% MnSO, which corresponded to 65-75% 
of the original soluble manganese content. The filtrate was 
evaporated and calcined at 800-1000°C to give oxide product 
containing 60-64% Mn. 

Blumburg and Morgan!” used 15% SO, from pyrite 


burners at a lower temperature of 300°C. Their laboratory 


scale tests indicated that the leach filtrate contained less 
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than 0.02 g/l iron and no sulphite or dithionate. 

However, it was found that at higher SO, concentra - 
tion and higher temperatures, side reactions took place with 
the formation of di- and polythionates according to the 


reaction: 


H,S,0, + MnO, = MnS.0¢ + 2H,0 Dra) 
A recent development of the sO, process, which seems 

to have some promise has been described by Allen{19), it 

differs from the early SO, process in two respects, viz., a 

high temperature autoclaving and a sintering operation. A 

slurry of ground manganese ore is treated with SO, in a packed 

tower. Manganese dioxide reacts to form manganese sulphate and 


dithionate. The reactions are represented as: 


MnO, * sO, = MnSO, (12) 
MnO, . 250, = MnS50¢ (1S) 
The dithionate produced is converted to sulphate by oxidat- 
ion of the slurry in an autoclave. The following reaction 
takes place: 
MnS,0¢ + oLy 2 0, + H,0 = MnSO, + H,SOq4 (14) 
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The process is recommended for ores containing 20% Mn. The 


recovery obtained was about 70% of the soluble manganese pres- 


ent in the ore. 


2. Dithionate and Sulphate Processes 

As an alternate to the process described above a 
slurry of ore in an excess of calcium dithionate is treated 
with smelter flue gases containing about 3% SO, and oxygen; 


the following reactions occur: 


MnO, + SO, = Mn** + sof” (15) 
MnO, + 280, = Mn2* + $2087 (16) 
Be * 2° 
H,O + SOQ. + 1/2 0. = 2H + SO, (17) 
a * Zs 
H,0 + 2802 + 1/2 0. = 2H + S20¢ (18) 
The sulphate formed by reactions (15) and (17) is precipit- 
ated as calcium sulphate: 
0. + soz” = CaSO, + S,027 (19) 


While the manganese dithionate solution is separated by filter- 
ing the slurry. The solution is treated with slaked lime to 
precipitate manganese hydroxide and regenerate calcium dithio- 


nate: 


MnS,O 


296 * Ca (OH) » = Mn (OH) , + CaS50¢ (20) 
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Ravitz (11) pointed out that the only losses of di- 
thionate are those due to incomplete washing of leach residue 
and of the precipitated hydroxide. The manganese recovery in 
the hydroxide is reported to be 96%. The amount of SO, utiliz- 
ed was 60-70% of that introduced, ranging from 1.5 to 2.2 lbs. 
per 1b. of manganese extracted. The drawback of this process 
(as in the other sulphur processes) is the slimy form of 
calcium sulphate which produces scale in the evaporator. 

Sulphate Process. Hoak and cou11 (14) have proposed 
the use of waste pickle liquor from the steel industry (con- 
taining 5% free sulphuric acid and 15% ferrous sulphate), to 
leach manganese from low-grade ores, Experimental work on an 
ore containing 14.7-26.9% manganese showed that, about 98% 
manganese could be leached from a 60 mesh ore when treated 
with leach liquor for 30 minutes. 

The manganese sulphate in the leach liquor was con- 
verted to chloride by treating it with calcium chloride, in 
order to minimize contamination of manganese with sulphur. 

The separation of iron and manganese was done by 
selective precipitation of iron with lime, at pH below 4.2. 
This treatment removed about 98% of iron but 5% Mn was also 
lost due to coprecipitation. 

The filtrate containing manganous chloride and 
calcium chloride was treated with lime slurry until the pH 
rose to 9.5. Manganese was precipitated as hydroxide. 


The amount of manganese extracted was largely con- 
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trolled by the quantity of ferrous sulphate. The extraction 


reactions can be represented as: 


MnO, + 2FeSO, + 2H,0 = MnSO, + Fe(OH)z + Fe(OH) SO, (21) 


followed by: 


Fe(OH); + H,SO, = Fe(OH)SO, + 2H,0 (22) 


Fe(OH)SO, + H,SO, = Fe,(SO,)3 + 2H,0 (23) 


The overall leaching reaction is therefore: 


MnO, + 2FeSO, + 2H 


: SO, = MnSOq + Fe,(S04), + 2H,0 (24) 


Z 
Autoclaving the ore slurry improved pickle liquor 
leaching by increasing extraction of manganese and causing 


precipitation of ferric iron as alpha Fe,0.. 


3. Sulphation Roasting with Pyrites 


A method of leaching low-grade manganese ore (less 
than 5% Mn) utilizing pyrite as a reagent, was developed by 
Thomas and Whalley *>*., An aerated slurry of ore and pyrite, 

' heated at 90°C, gave manganese extraction of about 90% in four 
hours; recycling the leach liquor yielded a solution practi- 
cally free from iron and containing approximately 100 gram 


manganese sulphate per litre. 
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The mechanism appears to be essentially, the reduct- 
ion of tetravalent manganese in pyrolusite (MnO, ) to the di- 
valent, acid soluble, manganous form by ferrous iron. During 
the dissolution of manganese the iron is alternately oxidized 


by pyrolusite and reduced by pyrite: 


MnO 4 444 
Fe ——— Fe (200 


FeS, 
In other words the ferrous ion is continuously regenerated 
during the leaching process. 

Heating an aqueous slurry of pyrite at 110°C in an 
autoclave first under oxygen pressure and then in the absence 
of oxygen produces a concentrated acidic solution of ferrous 
sulphate (200 -g/1). Hoak and Coui1 ‘22? found that solutions 
of similar composition were suitable for leaching pyrolusite 
ores at room temperatures. 

Although the reaction of ferrous sulphate with manga- 
nese dioxide is fast, the formation of ferrous sulphate from 
pyrite is known to be slow: 


Fes, *'°3 1/2 0, +:HoOo™ FeSO, + H4SO4 (26) 


2 
For example, only 5% of the pyrite was oxidized in 

4 hours, when a slurry of minus 200 mesh pyrite in dilute sul- 

phuric acid of pH 1.0 at 90°C was oxygenated. The ferrous sul- 

phate formed may be oxidized by oxygen according to the 


reaction: 
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2FeSO, + H»SO, we / 2 0, = Fe, (S04) - HO (27) 
The removal of ferrous ion by this reaction might be expected 


to interfere with the leaching pyrolusite by reaction (25). 


4, Sulphuric Acid Leaching Process 
Schrier and Hoffman (14) suggested a method of treat- 
ment for low-grade manganese ores to produce high grade manga- 
nese dioxide. The gound ore and oil was mixed in a roaster 
feeder, and reduced in the kiln at’ 750°C for 20-40 minutes. 
The roasted oxide was leached with a solution containing 75 


g/l H,SO,, at 60°C for 2 hours. About 76% manganese was ex- 


4? 
tracted in the leach liquor. 


Engel and Heinen (19) 


studied the action of sulphur- 

ic acid in the presence of organic reducing agents in the 

solution like sawdust, lignin, sugar, oils and coal. 
Sulphation reduction of manganese oxides is’ based 


on the exothermic reaction: 


2MnO, + 2H,SO 


7 2504 + C =°2MnSO, + 2H20 + CO, (28) 


q 


The manganese sulphate produced is extracted by leaching with 
cold water. 

The principal advantages of this process are that 
the ore does not have to be roasted before leaching and the 


process can be applied to small scale manganese mining oper- 


ations. 
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The extraction figures and the corresponding sul- 
phuric acid consumptions compare favourably with results ob- 
tained in the laboratory from sulphuric acid leaches of 


calcine produced from reduction roasts of the ores. 


D. PURIFICATION OF LEACH SOLUTION 


It appears that one of the most important factors 
in producing manganese by electrolysis is the level of impurit- 
ies in the electrolyte. Manganese has quite a high oxidation 
potential (1.18V). Since the only metals less noble than 
manganese are aluminum, the alkali and the alkaline earth 
metals, all other metals are deleterious to the deposition of 
manganese. The range of the tolerance of various elements 


(16) 5 5'listed in'the:table (II). ‘The data 


evaluated by Jacobs 
were obtained on the basis that the decrease in current ef- 


ficiency was about 2% in two hours with standard electrolyte. 


Table II 


Effect of Impurities in Cell Solution 
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Table II (Cont'd) 


Fe (11) 30 

Pb No effect up to the 
limit of solubility 

Sb 5 

zn 10 


The chief impurity in the leach liquor is iron. 
The most common method of its removal is by aeration. 

Inspection of the Eh-pH diagrams for Fe-H,0O and 
Mn-H.0 Systems (in Fig. 1 and 2) leads to the conclusion that 
iron can be selectively precipitated from solution containing 
iron and manganese at a pH range of 6-8 on aeration. The Eh- 
pH diagrams are particularly useful to predict the conditions 
of potential and pH under which a given solid/liquid system 
is in an equilibrium. For a metal M, considering a general 


reaction with water: 
xM + aH,O = yN + bH” (29) 


in which M is the acidic form and N is the alkaline form of 


the metal; the condition of equilibrium is given by 


(N)Y +b 
K = (H*) (30) 
(M)* 


assuming x = y, and taking logarithm 
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N 
log K = lo {N) - H 
g g (M) bp | (31) 
This equation indicates that the ratio of pH con- 
centration of the alkaline form to the concentration of acidic 
form increases linearly with pH. 
In the case of an electrochemical reaction of the 


form: 
XM + aH,O + ne = yN + bH™ (32) 


the condition of electrochemical equilibrium will be given by 


fe) RT RT (M) 
E. = E. - — »b.pH + — lo 33 


considering x = y as before. 

It will be noted that the activity of the oxidized 
form is in the numerator of the term log E the equilibrium 
potential Ey» therefore, increases when the amount of the ox- 
idized form increases, 

Considering the electrode potential and pH as in- 
dependent variables and the logarithmic function of the con- 
centrations of the substances M and N as a parameter, the 
potential -pH diagram can be drawn for a particular system. 
Figures 1 and 2 are the Eh-pH diagrams for Fe-H,0 (17) 


and Mn-H,0 systems (18) respectively. The lines (a) and (b) 
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express respectively the reduction equilibrium of water ac- 


cording to the reaction 
ame rcil! 2e. (line a) (34) 


with Foam 9-000 - 0,0591 pH (volts) 


and its oxidation equilibrium according to the reaction 


2H,0 = 0, + 4H* + 4e7 (line b) (35) 


with Eb me 228, - 90.0591 pH (volt) 
at a hydrogen or oxygen pressure of one atmosphere. 

The lines express the equilibrium condition under 
which the species represented by a chemical reaction are 
stable, For example, assuming that the reaction taking place 
on the precipitation of iron from the leach liquor by aerat- 
ion be 


+ 


Fe: + 3H,0 = Fe(OH), + 3H (36) 


The solubility of iron and its hydroxide is represented by 
line 28 on Figure (1). The iron is precipitated from the 
solution by raising the pH and/or blowing air, whereupon the 


very sparingly soluble ferric hydroxide is precipitated and 
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Fig. l. Potential-pH equilibrium diagram for the system 
iron-water, at 25°C [considering as solid sub- 
stances only Fe, Fe (OH), and Fe(OH);]. From 
M. Pourbais Atlas of Electrochemical Equilibrium Aqueous 
Solutions: (1966) p. 313 
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can be removed by filtration. As can be seen in Figure (1) 
both the rise of pH, and the presence of oxygen effect oxidat- 
ion and to raise the redox potential, contribute to the pre- 
cipitation of Fe(OH). 

Considering the unit activity of both iron and 
manganese in solution it can be noted from Figures 1 and 2, 
that a rise of pH above 6 causes the precipitation of manga- 
nese. It is therefore, advantageous to precipitate iron at 
lower pH and in the presence of air. Levan and others (19229) 
successfully removed iron on aeration at a pH of 5.5 maintain- 
ing the temperature between 60-65°C. The use of lower pH 
restricted the coprecipitation of manganese. The leach liquor 
freed from iron still contains objectionable quantities of 
copper, nickel, cobalt and zinc, in addition to calcium and 
magnesium sulphates dissolved from the ore in sulphur processes. 

Ambrose (22) developed a process in which copper, 
nickel, cobalt and zinc were removed as sulphide, using am- 
monium sulphide and activated charcoal. Manganese sulphide 
at first precipitates in the nearly pure state, but after 
standing for an hour, the nickel and cobalt sulphides preci- 
pitate provided the solution is at pH 7.0. 

Jacobs (22) used hydrogen sulphide instead of ammo- 
nium sulphide. The amount of Hs required was found to be 
0.1 to 0.15 g/l. The amount of Mn lost in this process was 


only 0.5 gram per litre. After filtration the solution was 


treated with FeSO, and oxidized to precipitate iron as oxide. 
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Potential-pH equilibrium diagram for the system 
manganese-water, at 25°C [considering 8-MnO 
(pyrolusite).] From M. Pourbais, Atlas of Elect¥o- 
chemical Equilibria in Aqueous Solutions (1966) p. 290. 
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Magnesium in some of the ores is dissolved in the 
leaching process. Magnesium sulphate does not have an adverse 
effect on: the electrolysis, if the temperature is not allowed 
to rise above 15°C. Above this temperature Mg precipitates 
in the electrolytic cell as triple salts of magnesium, manga- 


: 22a 
nese, and ammonia. ‘ ) 


E. PRODUCTION OF METALLIC MANGANESE 


Considering the potential-pH diagram representing 
the conditions of thermodynamic equilibrium of the system 
manganese-water at 25°C (Figure 2), it can be predicted that 
electrowinning of manganese will be possible in neutral or 
acidic solutions whose potential is below the potentials 
shown by the line (14). For one molar solution, for example, 
this potential will have to be below approximately -1.2V. 

As the region of thermodynamic stability of manga- 
nese lies well below that of water (whose lower limit is re- 
presented by the dotted line (a)), the electrolysis of manga- 
nese in the presence of water therefore, will be accompanied 
with the evolution’ of hydrogen. Due to the base reducing 
property of manganese the deposited metal tends to react with 
aqueous electrolyte with the evolution of hydrogen. In 
practice, this reaction is eee ree: probably on account of 
the large hydrogen overpotential of the metal. The affinity 


to evolve hydrogen is measured by the difference between the 
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potentials of the cathode and the potential relating to line 
(a) in Figure (2). The affinity and, consequently, the rate 
of hydrogen evolution will be larger the smaller is the pH 
of the solution, all other conditions remaining constant. 
The current efficiency will therefore, be improved with the 
increase in the cathodic pH. However, this pH cannot exceed 
a certain limit beyond which the manganese may get precipit- 
ated as Mn(0OH),. The best conditions of yield and metal 
purity (free from oxide) will be obtained at cathodic pH 
slightly below that for manganese hydroxide formation, i.e. 
for 1.0 M solution of manganese the predicted pH is 7.4. 
This value is in agreement with the results of Jacobs et 

a1 (24) | who obtained a current efficiency of 65% and 62.7% 
for solutions of pH 7.2 containing approximately 14 and 
32.37 g Mn/1. 

It has been observed that as the electrolysis 
proceeds the cathodic pH decreases, probably due to the dif- 
fusion of acid from the anolyte compartment. Thus it is 
necessary to buffer the electrolyte using ammonium salts. 

The only process in operation for an electrolytic 
production of manganese is that developed by U.S. Bureau of 
Mines and Electro Manganese Corporation, Knoxville, Tennessee. 
It has been described in a number of publications, issued by 
the Bureau, 

The study of the literature on electrowinning man- 


ganese reveal that the essential constituents of the electro- 
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lyte are as follows: 
1. Reasonable concentration of manganese in the 
catholyte (optimum concentration being approx - 
imately 12 g/1) 
2. Substantial amount of ammonium salts to keep 
the solution properly buffered (about 100-140 
g/l ammonium ‘sulphate) 

3. A sulphur compound capable of being reduced 

at the cathode (0.05 - 0.1 g/l sO, has been 
found to be adequate), 

The electrolysis of manganese is carried out in a 
compartment’ cell. The first cell used by Bureau of Mines was 
developed by Jacobs and Yarrol11 (25) and was a compartment cell 
in which the cathodes were freely suspended in the catholyte 
compartments while each of the anodes was surrounded by a 
canvas diaphragm. 

Several types of lead anodes alloyed with tin, co- 
balt, silver, antimony, arsenic etc. were suggested. The es- 
sential features of a succéssful anode i$ the formation of a 
porous, adherent and self-limiting coating, i.e. a coating 
that remains porous and adherent until a thickness capable of 
reducing further manganese dioxide formation is reached, 

A variety of materials have been tried for cathode. 
Sta inless steel cathodes have proved by far the most satis- 
factory. The other cathode materials worth mentioning are 


(26) 
Cr, Ni and Mo alloyed with iron. Carosella used Haste- 
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alloy cathods. 
The process currently in operation at Knoxville is 
based upon more than a dozen United States and foreign patents. 


The data on the production of electrolytic manganese are given 


in Table III, 


Table III 


Data on Production of Electrolytic Mn 
by Electro Manganese Corporation 


Anolyte 

Mn g/l as MnSO, 10-18 
H,SO, g/l 25-95 
(NH,) 80) g/l 120-140 
pH 1-1.4 


Catholyte feed: 


Mn g/1 as MnSO, 25-35 

(NH, ) 80, g/l L252 Lo9 

pH 7.2°7.6 

Anodes comp. Lead loose with Sn, Sb and Co. 

Cathode comp. Stainless steel 18% Cr, 12% Ni, 
25% Mo 

Temp. °C 35-40 

Cathode C.D.amp/sq.ft. 40 

Diaphragm woven textile 

Cell voltage 5 

Current efficiency 65-70 


Purity of Mn% 99.97 
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THERMODYNAMIC CONSIDERATIONS 


All spontaneous processes are accompanied by a 
decrease in the free energy of the system; at equilibrium 
the free energy must therefore be a minimum. It follows, 
also, that a reaction cannot proceed spontaneously if the 
accompanying free energy change is positive. However, a 
negative value of free energy change does not necessarily 
mean that a reaction will proceed at a measurable rate 
under a given set of conditions, but indicates only that 
the reaction is thermodynamically possible. Whether or 
not the reaction will proceed to equilibrium at an 
appreciable rate depends on the kinetics of the reaction. 

Considering a reaction between a pure solid metal 


M and gaseous oxygen to form the pure solid oxide MO: 


M rei) —» -2M0 38 
es exes malese Cay 
the change in the Gibbs free energy, for the reaction (AG) 
at constant temperature and pressure, is given by: 

(AG) = 2AGygQ - 2AGy - Aes (39) 
For the reaction where all the components are in their 
standard states the free energy change is given by: 

— ° z oF ae ° 
(AG°) = 2AG 2AGy AGG (39a) 
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Hg/H30 rato 1/108 1/107 1/108 1/108 1/104 1/108 


CO/COg rato 1/10% 1/107 1/108 1/08 = 04 “1108 1/108 “i 
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Fig. 3 Standard free energy of formation of oxides as a function of temperature. From F. D. Richardson and J. H. E. 
Jefies, J. Iron Steel Inst., 160, 261 (1948). Modified by L. S. Darken and R. W. Gurry, Physical Chemistry of Metals, McGraw- 


Hill, New York, 1953. 
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where the superscript (°) denotes the standard free energy. 
Subtracting equation (39a) from (39), we get: 
- ° =— - ° - - -_ - 
(AG) (AG°) 2) (Gyo Gio? 2h (Gy Gy A(Gq, fon) (40) 
If avo» @y and 0, represent the activities of the metal 
oxide, pure metal and oxygen respectively, then equation 


(40) can also be written as: 


AG -2 AG =, ZRT ain avo 7 Le Lee au ek i bel *0, 
or 
if 
AG #0.4G° 4URT-1no{————]_. (40a) 
ayy ° ao 


At equilibrium (AG) = 0. Hence, the standard free energy 


charge of the reaction 


2 
a 


(AG°) = -RT 1n —— (40b) 
Ct ead 8 
2 


For substances at standard state, i.e. pure solids or liquids, 
or gases at 1 atm. pressure, ay, = ay ~ 1. Hence, equation 
(40b) will be simplified to 


AG? = RI in 1/ag = RT In anne RT ln Po (40c) 
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line for the formation of an oxide (in the diagram), the great- 
er the stability of oxide. Hence a pure element is able to 
reduce the oxide of any other element whose AG° curve lies 
higher on the diagram. For example, Si and Al curves lie 
below that of Mn-MnO reaction, so MnO will be reduced to metal 
by Al and Si, where as carbon reacts with MnO to form metal 
ana carbon monoxide only at temperatures well above the 
melting point of manganese. 

The hydrogen reduction equilibria of the manganese 


oxides, however, would involve the following steps: 


2MnO, (c) + H, (g) = MnO, (c) + H,0(g) (42) 
3Mn,0, (c) + H» (g) = 2Mn3z0,4(c) + H70(g) (43) 
Mn 0, (c) * H. (g) = 3MnO(c) + H40(g) (44) 
and MnO(c) + H. (g) = Mn(c) + H0(g) (45) 


The free energies of formation for the reactions (42) to (45) 


are given in table wis. 
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Table IV 


Free Energy of Formation AG°(k.cal/mole) 
for the Reactions 42 to 45 


a ee th SE A RE ES EE I EA SED SE IE TEL EEE LEI IEEE ETON 


Free Energy AG®° at 


Reaction 298.15°K 800°K 1000°K 


42 -41.85 ein GoM 504.90 
43 -36.90 eeOeeS -39585 
44 - 8.95 -19.10  -22.80 
45 x29] #29.45 +28.60 


The reduction of manganese oxides with carbon in- 


volves the following equilibria: 


2Mn0O, (c) + C (graphite) .= Mn40, (c) + CO(g) (46) 
4Mn0, (c) + C (graphite) = 2Mn,0, + CO. (g) (47) 
3Mn0, (c) + C. (graphite) :*= 2Mnz0, (c) +: CO(g) (48) 
and 6Mn,0,(c) *-G (graphite) «= 4Mn,0, (c) + CO. (8) (49) 
Mn,0,(c) + C (graphite) = 3MnO(c) + CO(g) (50) 
and 2Mn,0, (c) + C (graphite) = 6MnO(c) + co. (g) (51) 
MnO(c) + C (graphite) = Mn(c) + CO(g) (52) 


2Mn0(c) + C (graphite) = 2Mn(c) + co. (8) (63) 
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The thermodynamic data for the carbon reduction equilibria 


are given in Table V. 


Free Energies of Formation AG°(in °K.cal/mole) 


Table V. 


for the Reactions 46 to 53 


; Free. Energy AG *.at 


Reaction 298.15°K 
46 -20.0 
47 -68.7 
48 cop gS 
49 “58.75 
50 +12. Oe 
ard =2.90 
52 *53.9 
De “79.2 


The equilibrium reactions for the reduction of man- 


800°K 
-43.55 
-94,25 
-34.4 
-75.95 
-14.1 
-35.4 
+34.4 
-61.65 


ganese oxides by carbon monoxide are: 


° 


MnO, (c) + CO(g) = Mn,0,(c) + CO, (g) 


3Mn 10, (c) + CO(g) 


MnO, (¢) + CO(g) = 


MnO(c) + CO(g) 


= Mn(c) + CO, (g) 


3MnO(c) + CO. (g) 


1000°K 
-§2.8 
104.3 
oot BE A 
-82.2 
-24.65 
-48.0 
+26.7 
+54.7 


= 2Mn,0,(c) + CO,(8) 


(54) 


(55) 


(56) 


(57) 
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The thermodynamic data for the free energy of 
formation, for the reactions at different temperatures are 


given in the Table VI. 


Table VI 
Free Energy of ‘the Reactions (54) ‘to’ (57) 
G- (in: Kital/move) 


° 


Free Energy G at 


Reaction 290 ole 800°K 1000°K 
54 -48.65 SU) maid hehe L 
55 -43.70 colt: Ni hepa pe -40.45 
56 m= MR 20d Dee, Ae eae te 
57 +2380) ar ee a +28.00 


Thermodynamic considerations indicate that the direct 
reduction of manganese oxides to the metallic manganese is not 
feasible with hydrogen, carbon monoxide and carbon at ordinary 
conditions, temperature above 1430°C as can be seen from the 
Bree energy diagram (Figure 5). lt as therefore essential to 
investigate an alternate process capable of reducing Mn(II) to 


Mn according to equation l. 
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EXPERIMENTAL 


A. Description of Ore 


In order to understand the leaching character- 
istics and to design a chemical process suitable for the ore 
it is essential to study the origin and mineralogy of the 
ore deposit. 

The iron-manganese ore deposit at Woodstock, New 
Brunswick, was discovered in 1836 by Dr. C.T. Jackson. To 
date six ore bodies have been outlined in the area, estim- 
ated to contain approximately 194,000,000 tons of ore aver- 
aging 9% manganese‘) , The ore is of two types: oxide and 
carbonate, occurring roughly in three groups. Group 1 in- 
cludes grey-green slates and sandstone. The rocks of group 
2 are grey and red slates and those of group 3 are contorted 
calcarious slates. 

The iron and manganese minerals have been deposit- 
ed within five distinct conformable units namely: silicified 
slates, manganiferous hematite, red to purplish ferruginous 
slates, green chlorite slates, and brown cherty slates. Of 
the five units, the silicified slates and manganiferous 
east ite contain the bulk of iron and manganese. An ideal- 
ized section would show the following sequence: dark-grey 
slates (foot wall), chlorite slates, silicified slates, and 


grey calcarious banded slates (hanging wall). The brown 
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cherty slates may occur anywhere within the sequence but 
generally occur with the silicified slates. 

The red ferruginous slates thus far have been 
found to be present with either manganiferous hematite or 
Silicified slates or with both. 

The manganiferous hematite, the highest grade 
unit is dark-red to black, finely banded rock with, occa- 
Sionally, alternating red and black or dark-red laminae. 
It has a blocky fracture and is frequently replaced with 
quartz. The unit is also cut by narrow quartz stringers 
and by veinlets of pink granular rhodochrosite and quartz 
which occasionally carry minute specks of chalcopyrite, 
galena, and sphalerite. Pyrite is a more prominent sul- 
phide and is found particularly near the base of the unit. 

The manganese minerals in the manganiferous 
hematite are too finely divided to be identified. The 
manganiferous hematite has a specific gravity of 3.8 and 
contains up to 45 per cent combined metal with iron and. 
manganese in the ratio of 5 to 4, although occasionally 
this ratio may’ be reversed. It occurs both in the form 
of definite beds in widths up to 100 feet and as narrow 
lenses (up to 5 feet in depth) in the red ferruginous 
palates, 

Table VIIl gives maximum, minimum and estimated 
average, iron and manganese contents in each of the five 


units as determined from the drill core analyses. 
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Table yvII 


Analysis of the Ore from Each of the Five Zones 


Unit Iron % Manganese % 


Min Max Est.Av. Min Max  Est.Av. 


Manganiferous hem, 11 30 22 Le Zo 14-16 
Silicified slates 10 a 16 9 20 12-14 
Red Ferrug. slates 5 9 6 1 6 2-3 
Green slates 3 pat " £ 7 4 
Brown cherty slates 2 12 8 2 9 6 


The six known deposits are: Plymouth, North Hartford, 
South Hartford, Moody Hill, Iron Ore Hill, Sharpe Farm, 

The complexity of the ore can be visualized from the 
photomicrographs in Figures 4 and 5. The ore is moderately 
coarse grained showing white magnetite, grey quartz, dark grey 
calcity or chlorite, black manganiferous hematite and black 
crystalline pyrolusite. Petrographic analysis shows that 
rhodochrosite and pyrolusite crystals are randomly present. 

The gangue minerals detected are chlorite, calcite, dolomite, 
feldspar, fine crystalline pyrite, and quartz. The quartz is 
present as stringers cutting the veinlets of rhodochrosite 
and banded manganiferous hematite. 

X-ray diffraction indicated that the main manganese 
(1) 


mineral is braunite [3 (Mn, Fe),0,.MnSi0,] The chemical analy- 
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(4) Rhodochrosite and pyrolusite in chloritic 


and carbonacious gangue x 600 


(5) Manganiferous hematite with pyrolusite 


crystals and quartz lenses x 600 
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sis of the ore sample received for the investigation is given 
in table VIII. 

The ore sample contained 2-3 per cent pyrolusite, 
estimated by decomposing the ore with concentrated hydrochlor- 


ic acid and determining the amount of chlorine evolved. 


Table VIII 


Analysis of Ore 
Mn i * Percent 


Fe Lad a 


" 
Al,0, 9.28 
CaO ete i 
MgO 10.65 : 
T1i0, 0.18 A 
0 " 
Na 0 1.0 
K0 tat Wf 
PAO, 1.24 
S 220 “ 


B. Reagents 


Sulphuric acid. 95-98 per cent analytical reagent grade from 
Fisher Scientific Company. 


Di(2-ethylhexyl)-phosphoric acid. The (D2EHPA) used in the 
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investigation was supplied by the Virginia-Carolina 
Chemical Company, Virginia, U.S.A. The reagent was 
purified from the monoalkyl derivatives by scrubbing 
with 5% sodium carbonate. The organic phase was se- 
parated from the aqueous phase and neutralized with 
sulphuric acid. The purity of the product was de- 

termined by potentiometric titration and was found 


to be 99.4%, 


Table IX 


Physical Properties of Purified D2EHPA 


Experimental equivalent weight WE PY 
Density 23°C (g/ml) 0.968 
Viscosity (centipoises) 4.14 
Refractive Index 22°C 1.4459 


The molecular weight of D2EHPA in benzene was de- 
termined by the cryoscopic method. The following results 
were obtained 


Molar depression of temperature with 


0.18 M solution of D2EHPA in benzene, T = 0.468°C 
Cryoscopic constant of benzene Kee. 
Molecular weight of D2EHPA determined = 628 
Theoretical dimeric M.W = 645 
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42 
Dissociation Constant 
The determination of the dissociation constant was 
carried out by polarmetric titration of the saturated solution 
of D2ZEHPA in conductivity water. The pK value was calculated 
from the pH of half-neutralization by the formula due to 


Dyrssen (27), 


DH slogdhlle= loch: | 


pk 


UNG eeu fF Os 1 


Formamide, kerosene, and ammonium chloride were analytical 
reagent grade as received from Fischer Scientific 
company. 

Hydrochloric acid. 36-38% HCl, analytical reagent grade as 


received from Fischer Scientific Company. 


C. Leaching Procedure 


Pulverized ore samples 20 gram each of the sizes ranging 
between -20 to -200 mesh were leached with dilute sulphuric 
acid in a round bottom flask fitted with a reflux condenser. 
The leaching tests are carried out at temperatures ranging 
| between 25 and 98°C for a time of 10 to 120 minutes. The 
pulp is vacuum filtered and washed with water. The leach 
liquor was analysed for Mn and Fe by an x-ray fluorescence 


scintillation counter or colorimetrically by Perkin Elmer 
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43 
spectrophotometer Model 450. Free acid content was determined by 
potentiometric titration with 0.1 NaH. 

pH was controlled by a Beckman Zeromatic pH meter. The 
conductivity of solutions was measured using Radiometer conductivity 


meter type CD M2. 


D. Solvent Extraction 


The distribution ratio (D) was determined by equi- 
librating 25-50 ml of organic phase (solution of D2EHPA in kero- 
sene) with solution of manganese leach liquor in a separatory 
funnel, maintaining a constant temperature in a thermostat, 
adjusting ~H with NaOH. The equilibrated phases were analysed 
for Mn by measuring counts per second with Norelco x-ray 


fluorescence counter. The distribution is defined as 


_ counts per second per ml of organic phase (37) 


De= 
Count per second per ml of aqueous phase 


Viscosity measurements were made by Ostwald viscometers. 


E. Equipment for Electrolysis 


The apparatus for the electrodeposition of manga- 
nese is illustrated in Figure (26). The direct current is 
supplied by a Sorensen Model 560 BB, with an output of 0-500 
volts and the current can be varied from 10 to 300 m. amps. 


The electrolysis is done in an H-type cell with a fritted- 
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glass diaphragm. 

The anode was a spectrograde graphite rod while the 
cathode was a 18% Cr, 8% Ni stainless steel. The amount of 
current passed was determined using a copper coulometer in 
series with the cell. The applied voltage was controlled 
manually. 

Infrared spectra of the samples were obtained using 
Perkin-Elmer spectrophotometer Model 521. The samples for 
the infrared study were prepared as liquid film of the pure 
compound or diluted with nujol mull; KBr pellets were made 


for the solid compounds. 
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RESULTS AND DISCUSSION 


A. Leaching 


1. Effect of Particle Size. This series of experi- 
ments was designed to determine the optimum particle size of 
the ore, so as to avoid overgrinding and at the same time to 
obtain maximum leaching efficiency. The size fractions from 
-20 to -200 mesh were subjected to the lixiviation with sul- 
phuric acid. The acid/ore and solid/liquid ratios in all the 
tests were arbitrarily fixed at 1:2. The leaching was carried 
out with constant stirring for a period of 1 hour at 97+ 2°C., 
The results of the tests are summarized in Table X. 

The variations of the manganese and iron dissolut- 
ion with the particle size are graphed in Figure 6. It is 
seen that the amounts of manganese and iron in solution in- 
crease as the particle size decreases, reaching their respective 
maxima of approximately 92% Mn and approximately 6% Fe extract- 
ion at particle size around 65 mesh, It was noted that at 
particle size smaller than 48-mesh separation of solids by 
filtration became more difficult. The optimum particle size 
appears therefore to be approximately 65 mesh. 

The acid consumption also increases with the de- 
creasing particle size. The amount of free HSO, in the 
leach liquor is quite high, and it is essential to neutralize 


it before subjecting the solution to further processing. The 
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Table X 


Effect of Particle Size 


Hes. 92025 0eg/1 


pe | 
Solid: Liquid = 1:2 
Temp = 92-95° 
Time = ] hr 
LeachaLia. Analysis i¢/1 TREX tn se! used 
Mesh Mn Fe free acid| Mn Fe Remarks 


-Z0i+ 30 42.4 2.74 79.40 68.4 3.85 68.3 

SAUR eA a Ease se) id? 475.58. |.77-9 24.40 -| 69,6 

-48 + 65 ee 3.41 72.86 Siilel iat 7140 

-651+ 80 $5.4 3.84 70.00 91.3 5.40 1240 
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Fig. 6 Effect of particle size on the extraction 
of manganese and iron. 
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next problem therefore, is to ascertain the amount of sul- 


phuric acid required to leach the ore sample. 


2. Effect of H,SO,/Ore Ratio. Based upon the 
particle size established in the previous series, the size 
chosen was -65 mesh. The initial acid/ore ratio was varied 
from 0.2:1 to 1:1. The remaining test conditions were held 
as before. The data obtained from this series of tests are 
shown in Table XI. 

The effect of the acid concentration on the ex- 
traction of manganese and iron is plotted in Figure 7, It 
can be seen that with the increase in the acid/ore ratio 
the dissolution of manganese at first increases rather ra- 
pidly. It reaches a maximum representing approximately 94% 
extraction at H,S0,/ore ratio of 0.6:1. The amount of iron, 
however, goes on increasing in the H,S0, concentration range 
studied. For example, at an acid/ore ratio of 1:1 about 7.5% 
goat 
ore ratio of 0.4:1. The amount of free H,S0 left in the 


4 
leach liquor also goes on increasing with the increasing 


iron is leached out in comparison with 4.5% iron for H 


initial acid concentration ratio. From the data tabulated 
in Table X an acid/ore ratio of 0.2:1'to 0.4:1 seems to be 
_ adequate. 

It was observed that beyond the above mentioned 
concentration range the leaching pulp becomes slimy and 


e2ericult to filter, 
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Fig. 7 Effect of acid/ore ratio on the 
extraction of manganese and iron., 
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3. Effect of Liquid/Solid Ratio (Dilution). In 


this series the H,SO, to ore ratio was chosen as 0.4:1 on 
the basis of the results obtained in the previous set of 
experiments. The liquid/solid ratio was varied from 1:1 to 
4:1, maintaining the other experimental conditions almost 
identical to those in the last tests. 

Table XII and Figure 8 show that the extraction of 
manganese gradually improves with the increasing dilution 
until the liquid/solid ratio of 2.5:l1 is obtained. A further 
increase in the dilution lowers the manganese extraction. 

The dissolution of iron on the other hand shows 
a steady decline with the decreasing acid concentration. 


About 9% Fe is extracted at liquid/solid ratio of 1:1 which 


decreases to aS low as 1.4%*°at a ratio of 4:1. 


4. Effect of Temperature. The experiments in 


this series were designed to investigate the influence of 
temperature on the leaching of manganese and iron. The 
liquid/solid ratio was fixed at 2.5:1. The temperature 
range was from 30-97°C while the other conditions were as 
specified in the last series. 

The analytical data of the tests are given in 
_ Table XIII and graphically illustrated in Figure 9. The 
results indicate that the extraction of manganese and iron 
increases with the increasing temperature. It can be seen 
from the curve that about 92% of manganese is extracted at 


about 60°C. A further rise in temperature does not seem 
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Fig. 8 Effect of liquid/solid ratio on the 
extraction of manganese and iron. 
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Fig. 9 Effect of temperature on the extraction of 
manganese and iron. 
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to have much beneficial effect. 

The dissolution of iron on the other hand increases 
only slightly up to 60°C, when it is about 3% in the leach 
liquor. Further rise in temperature accelerates the disso- 
lution of iron. Consequently, at 90°C the amount of iron in 
the solution is found to be about 4.5%. From these tests it 
can, therefore, be concluded that leaching process between 


60-70°C would be quite adequate. 


S. Effect of Time. Finally, the effect of time 
on the leaching process was investigated. The leaching tests 
were run for periods ranging from 10 to 120 minutes. The 
temperature was maintained between 60-65°C using a thermostat, 
and the other conditions were kept constant as in the previous 
set of experiments. 

An examination of the results given in Table XIV 
and Figure 10 reveals that the rate of the dissolution of 
manganese is very high at the beginning: About 89% of the 
Mn content is leached out in 30 minutes. The rate of dis- 
solution thereafter, becomes much lower and it can be seen 
from the curve that when leaching is extended to 120 minutes 
the manganese extraction is 94% which means an improvement 
of only 5% over that of a 30 minute run. 

The extraction of iron on the contrary shows an 
unusual behaviour; at the beginning its amount in the leach 
liquor increases with time, reaches a maximum and then, it 


gradually decreases as the leaching process continues. 
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Fig. 10 Effect of time on the extraction of 
manganese and irons 
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| To summarize, about 92% of the manganese content 
and about 3.5% of the iron content are leached out when -65 
mesh ore is lixiviated for about 40 minutes with dilute 
H,SO, (at an acid/ore ratio of 0.4:1), with a liquid/solid 
ratio of 2.5:1, at a temperature of 60-65°C. 
The final liquor after a single stage leach con- 


tained about 25 g/l H SO). In order to neutralize this free 


2 
acid the leach liquor was contacted with a fresh batch of 

ore until the pH increased to 3.5. This operation reduced 
the iron content to about 1 g/l while simultaneously the man- 
ganese content of the leach liquor increased to as much as 

1 mole/litre. 

The experimental molar ratio of acid/Mn was found 
to be 1:1.51, whereas theoretically, the divalent manganese 
in © the’ braunite should require an acid/Mn molar ratio of 
1:1 for a complete dissolution. The excess acid consumption 
may be attributed to the dissolution of carbonates and oxides 


of Fe, Ca, Mg which eventually become precipitated and remov- 


ed on filtration, 
Side Reactions 


The amounts of iron leached along with manganese are 
excessive and have to be removed or reduced to the ferrous- 
iron (Fe**) before solvent extraction process can be under- 
taken, (since Fe*+ is not extracted by the dialkyl phosphate). 


However, an examination of Figure 10 reveals that the amount 
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of Fe decreases over prolonged leaching periods. The expla- 
nation of this phenomenon is that the free acid is neutraliz- 
ed on prolonged contact with the ore, and this causes pH to 
rise to 3.5 in the final leach liquor; ferric hydroxide is 
thus precipitated and is subsequently removed by filtration. 
Oxidation of ferrous to ferric ion may be accomplished by 
oxygen diffusing from the atmosphere or by MnO. contained 

in the ore (in the amounts of up to 2.5%); the precipitat- 
ion of Fe may take place according to the following re- 


actions: 


++ +++ 


2Fe** + 2H,SO, + MnO, = 2Fe "+ MnSO, + 2H,0 (58) 
+++ 

2Fe + HO + 3/2 0, = 2Fe0. (OH) (59) 

FeO. (OH) + H,SO, = Fe(OH)SO, + H,0 (60) 


After removal of precipitated iron the leach liquor 
contains varying amounts of other impurities. Analysis of a 


typical leach liquor is given in Table XV. 
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Table XV 


Analysis of Leach Liquor 


g/1 
Mn Sha 
Fe yu 
Al,0, 0.38 
CaO 0.04 
MgO 0.18 
Po. OSZ1 
Si0, 7.4 


Mn was selectively extracted by solvent extraction with di- 


2 ethylhexyl phosphoric acid D2EHPA in kerosene, 


B. Solvent Extraction 


(30) a 


1. Chemistry of Extraction. Kimura 
Peppard ‘*) have indicated qualitatively that manganese can 
be extracted from HCl solutions into alkyl phosphates even 
when present in trace amounts. Since they dealt with trace 
-concentrations rather than macro-quantities, the direct eva- 
luation of the solvent extraction potentiality for a large 
scale process has not been worked out. According to Browns ae 


dialkyl phosphoric acids are very weak extractants for Al, 


Cmremeswan, Croll). Petit), Mn{il), Cu, Ni, Tl and -other 
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tetravalent metals. The present work contradicts this gene- 
ralization of Brown and shows that manganese can be quanti- 
tatively and selectively extracted by di-(2-ethyl} hexy1)- 
phosphoric acid (D2EHPA) at a pH range of 5-6. 

The extraction of a cation M of charge x by di- 
(2-ethyl hexyl) -phosphoric acid denoted as HL has been des- 


cribed to take place according to the following mechanism: 
M + HHL = MLx + xH (61) 


provided the aqueous cationic concentration is low (subscripts 
(a) and (0) denote aqueous and oil phases, respectively). 
Since the acid is found to dimeric in many organic solvents (® »44) 
(dimerization constant Kd in benzene = 2.9+0.14, in CCl, = 


1.98+0.11) (4°), the extraction reaction could be written as: 


Me ee HL = ML + xH (62) 
Caphe 2(0) x (0) (a) 


Applying the law of mass action to the reaction (49) 


Ko = CML) J (H"]% [HL] cmsy “7 (63) 


Considering the above as general extraction reaction, we 
may write for manganese, omitting for simplicity the sub- 


scripts and valencies: 
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Mn + (HL), = MnL, + 2H (64) 


: pe -1 
and kK. = [MnL,J [H] [Mn] [ (HL) (65) 


The extraction process is characterized by a dis- 


tribution coefficient D, i.e., 


co 
Dee (66) 
C 
Mn 
Where CO and C are the quantities of manganese 
Mn Mn 


in organic and aqueous phases, respectively. Assuming that 
the phases are completely immiscible and the organic phase 
contains only [MnL.],, as shown in equation (65), then the 


distribution ratio will be given by 


o , tt el 
D = La [Mn Jay (67) 
From equation (65) and (67) 
K = D cu)” (qHL,))7/? (68) 
e 
. f 
or p= xk_ LiL (69) 


© [HH] 


taking logarithm 


log D = 2[-log[H] + log (HL)] (70) 
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or log D = 7(pH + log [{HI]) eee he 


A plot of log D as a function of pH + log[HL] should give 

a straight line with a slope 2. This slope indicates the 
number of ligand molecules attached to the extracted cation. 
If the cation concentration in the aqueous phase is very small 
compared to the ligand, the change in the hydrogen ion con- 
centration in aqueous phase could be neglected, consequently, 


the equation (69) simplifies to: 
= 2/2 = 2 
D KU (HL) OI K CHL] (72) 


Thus for low cation concentrations a plot of log D vs log [HL] 


should give a straight line with a slope 2. 


2. Effect .of pH on the Distribution Ratio. Equal 
volumes of 0.5 M D2EHPA were equilibrated with 0.20 M MnSO 


4 
SOlUucion at different pH (1.8-6)/at 25+1°C. Figure 1} repre; 
sents the extragtion isotherm as a linear function of pH up 
to pH 4.95; above this pH the isotherm departs from linear- 
Lty.e AC DE 5 a distribution ratio of 3.98 x 10% is obtained. 
This complete extraction around pH 5 coincides with the pH 
range in which manganese hydroxide is precipitated; there- 
fore, the suggested mechanism is represented as follows: 


+ 


Mn** + 20H = Mn (OH) , (73) 
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Fig. 11 Distribution coefficient as a function 
of pi. 
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Fig. 12 Formation of Mn-D2EHPA complex 
l. Neutralization of 10 ml. 0.1M D2EHPA 
as 3 and 4 t " " iL " 
plus 1, 2 and 3 ml of 0.1M MnCl,. 
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Mn (OH + (HL eOMnL + 2H-0 
(OH), + (HL), = MnL, + 2H, (74) 


Figure 12 shows a series of curves depicting the 
progressive formation of [Mn - D2EHPA] complex at different 
pH. Curve 1 shows the titration of 0.1 M D2EHPA (in C oH) 


with 0.1 N NaOH (in CH + CH,OH) . Curves 2, 3, and 4 


6 
are the neutralization curves of D2EHPA in the presence of 
1, 2 and 3 ml 0.1M Mn. In all the curves the [MnL.] complex 
appears to be formed completely in the range of pH 5 to 6. 


The number of ligands L per Mn** ion is found to be approx- 


imately 2 from 


rae Total ligand - free ligand 


manganese concentration (45) 


evaluated for curves in Figure 12. 


3, “Ettect’ ot Ligand Concentration. A series of 


experiments have been performed keeping the composition of 
aqueous phase constant at 0.1M Mn and changing the organic 
phase between 0.025-0.25 M D2EHPA; the tests were carried 
out at a constant pH of 5.4. A plot of Cn (concentration 
of Mn in organic phase) against concentration of D2EHPA on 
‘a log-log scale, Figure 13a gives a straight line up to 0.2 
M D2EHPA resulting in complete extraction of the manganese 
into the organic phase. 


Figure 14 shows a plot of [pH + log C 1 VS 


D2EHPA 
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D2FHPA Concentration — Mole 
Fig.13 (a) Solvent extraction of Mn at constant Mn*~ 
concentration of 0.1M 


(b) Solvent extraction of Mn at constant ligand 
concentration of 0.2M. 
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Fig.l.) Dependence of distribution co- 
efficient on pH at constant 
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log D, equation 71, for 0225 M DZEHPA contacted with 0.025 

M MnSO, at different pH values. The slope of the line is 
equal to 2, showing that 2 ligands are attached to each man- 
ganese cation. A confirmation of this ligand/Mn ratio was 
obtained in another test in which the concentration of 
D2EHPA was held constant while that of aqueous phase was 
changed (Figure 13b). 

The chemical analysis of the saturated undiluted 
D2EHPA with extracted MnSO, is given in Table XVI. It can be 
seen.the.molar ratio of Mn to P is 1 to 2. 

At a lower concentration of solvent the number of 
ligands attached to the metal ion can be predicted by the 
slope, the change in pH or the saturation method, but above 
a certain ion-to-ligand concentration ratio none of the 
above methods can be reliably employed. At higher ligand 
concentration the association between cation M and ligand L 
may occur (according to several authors) with the formation 
Of any acadq salt” of the ligand: 


n+ + 
Mn + n(HL), = M(L).nHL + nH (76) 


and the equilibrium constant Ke is then given by the equation: 


bap. (H) 


vy 
[HL]” ae 
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On taking logarithm and rearranging, the following is obtained 
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Log D = log K + n log[HL] - n log[H] (78) 


At fixed ligand concentration one obtains on partially dif- 


ferentiating equation (78) with respect to log [H] 


6(log D) 3 
= = 79 
S(logiH]) a 


that is when the ligand concentration is fixed the plot of 
experimental value of log[D] versus log[H] should give a 
slope of -n. 

Similarly, at fixed hydrogen ion concentration the 
plot of the logarithm variation of distribution when plotted 
against the equilibrium ligand concentration should give a 


straight line with slope 'n', i.e. 


6(log D) 


zen. (80) 
§ (log [ (Hx) ,]) 


(36 ) when the amount 


According to Healy and Kennedy 
of ligand in the organic:phase is insufficient to give an 
"acid salt", the mechanism of extraction is as follows: 


hie oa Gees 1) (HL), = M(L)_.2HL + nH* (81) 


that is, only two undissociated ligmd molecules are giving 


molecular association with the cation-ligand complex. 
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Figure 15 shows a family of curves where the pH is 
kept constant while concentration of D2EHPA is changed. The 
departure of curves from linearity is indicative of the fact 
that the extraction model suggested for lower concentrations 
does not hold for macro-quantities.' Since the activities of 
various quantities are not known, the behavior of the complex 
formation and extraction coefficient cannot be predicted ac- 
curately. Lowering of the slope with increasing concentration 
of the extractant cannot be connected with a decreased number 
of solvating molecules, since this contradicts the law of mass 
action. Furthermore, the manganese complex is probably poly- 
merized and in this case the logarithm of the distribution co- 
efficient should not be a linear function of [pH + log C 
D2EHPA]. Polymerization of the extractant and the associ- 
ation between the solvate and the diluent have to lead to a 


decrease in the slope. 


4, Effect of Manganese Concentration. From the 


curve 'b! in Figure 13 it is observed that the distribution 
coefficient does not depend upon the Songhasuatien of manga- 
nese in the aqueous phase. 

Figure 16 shows a series of extraction isotherms 
for different D2EHPA concentration. The quantity of Mn ex- 
tracted into the organic phase is plotted as a function of 
initial Mn*” concentration in the aqueous phase. The linear 
portions of these curves indicate complete extraction of Mn 


into the organic phase. At the sharp bend in the curves 
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Fig. 16 Effect of the concentration of Mn on its 
extraction into the organic phases 
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the condition of maximum extraction is obtained at a Go 
D2EHPA ratio of 0.5. For higher manganese concentration in 
the aqueous phase no further extraction into the organic 
phase takes place, the curves are flat until very high Mn 
concentration is reached; then the curves begin to have an 
upward trend. The molar ratio exceeds 0.5, (up to 0.62) 
and the organic phase becomes very viscous. Since no so," 
is detected in the organic phase the additional loading may 
be due to the active bond formation between alkyl phosphate 
(-P = O and Mn O(OH), i.e. molecular association. The sharp 
rise in the viscosity is represented in Figure 17. The in- 
crease in the viscosity was found to be dependent on pH as 
well as on the Ce /C stoichiometry. The viscosity is 


n D2EHPA 
therefore correlated as follows: 


n-n «pH 
hoe Taye (82) 
@) 
Nn = nS. Cue/C 
Ss Mn D2EHPA (83) 
@) 
G C 
Dee vn’ CD 2EHPA 
iis} (84) 


where n and 1. are the viscosities of Mn-D2EHPA and D2EHPA 
respectively. 
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Fig. 17 Changes in viscosity with pili at 60°C, 


for 0.5M D2EHPA and 0.3M MnSO 4 in the 
equilibraving phases. 
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Log(n - ng) = pH + log Gy /C) npg 

Figure 18 shows the variation of viscosity at dif- 
ferent temperatures of saturated D2EHPA (0.1, 0.5, 0.75 and 
0.8M). The figure shows that the viscosity increases sharp- 
ly with the increased concentration of D2EHPA. It was not 
possible to measure the viscosity of 1M D2EHPA with the set 
of Ostwald viscometers, since the solution was too viscous 


to fill the tube. 


5. Effect of Aqueous to Organic Ratio. Aliquots 
of 0.05, 0.1, 0.25 and 0.5 molar D2EHPA solutions in kero- 
sine were equilibrated at 25 + 1°C with different volumes 
of aqueous MnSO, solution so that the mole ratio of the con- 


tacting phases C remained constant at 0.48 and 


mn/ “p2EHPA 
aqueous/organic phase ratio varied from 0.4 to 3. 

The distribution ratio in all the’ curves in Figure 
19 shows in general, a decreasing trend. At very low con- 
centration of cation the solubility of the complex in the 
aqueous phase was assumed to be negligible. In extraction 


of macro-amounts however, the decrease inthe distribution 


coefficient may be due to an increase in the solubility of 
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(85) 


the manganese complex resulting from formation of hydrophilic 


aggregates, micelles, The complex in the aqueous phase may 


further be hydrated 77) , Since the degree of hydration is 


generally higher in aqueous phase than in organic the hydrat- 


ed complex species may go on increasing with the increase of 
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aqueous/organic ratio consequently decreasing the dis- 
tribution coefficient. 

The comparison of curves reveals that the distri- 
bution ratio (D) is higher at low ligand concentration 
(curve 1) and is lower at higher ligand concentration for 
a constant aqueous/organic ratio. The lowering of D with 
the increase in D2EHPA concentration may be due to the woes 
cular associations with the extractant in the aqueous phase, 
according to equation (63) to the effect of diluent or both. 

The initial increase in the distribution ratio at 
higher D2EHPA concentration (curves 3 and 4) is rather un- 
usual, The phases tend to emulsify at low aqueous/organic 
ratio with the result that a complete phase separation could 
not be achieved, thus accurate analyses were unobtainable. 
The dotted line may denote the trend in distribution as in 
curves (1 and 2). 

It can be seen that an aqueous’ to organic ratio of 
1.2 to 1.6 gives an appreciable value of distribution co- 


efficient for all practical purposes. 


6. Effect of Temperature. The influence of tem- 


perature on the distribution ratio of Mn between phases wa S 
observed on equilibrating the aqueous and organic phases in 
a thermostat. It was found that the distribution ratio in- 
creases up to 40°C. Further increase in temperature lowers 
the coefficient of distribution. The results are plotted 


in Figure 20. 
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The variation in the distribution coefficient may 
be due to 

(a) a change with temperature in the solubility 

of the complex in the aqueous phase, or 

(b) the dissolution of water in the organic phase. 
Both will appreciably affect the activities of the correspond- 
ing species of solute or solvent. A drastic rise in the solub- 
ility of Mn - complex in water with increase in temperature 
is a very likely cause; most ionizable surfactants and their 
salts have a so-called Krafft point i.e., a temperature above 
which the solubility increases rapidly; this point denotes 
the onset of micelle formation in the solution; micelles 
would be responsible in this case for keeping more and more 
Mn in the aqueous phase, together with the corresponding 


number of ligands. 


7. Effect of Time:of Contact on’ the: Distribution 
Coefficient. The kinetic study of reactions was found to be 
quite difficult due to the short time interval in which the 
equilibrium is attained. Figure 21 shows the variation of 
distribution coefficient with time. 

The extraction is almost complete within one minute. 
bond described the extraction of uranium by a kerosene 
solution of D2EHPA as a first order reaction, but, no such 
correlation is possible in the case of Mn extraction. Be- 


cause of the high reaction speed, the reaction order is not 


easy to measure with ordinary analytical methods. 
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Cy Stripping 


The loaded solvent can be stripped very efficient- 
ly with 2-4 molar mineral acids, yielding corresponding manga- 
nese salts. At higher acid concentrations the solvent 
losses in the stripped solution are higher, in the order 
HNO. > HCie> aoe 8 The analysis of the stripped liquor, 


using 4 molar H, SO), showed that 99% of manganese was re- 


covered in the stripped liquor. 


D; Infrared Study of the’ Mn=D2EHPA Complex 


Infrared spectra of D2EHPA, Na-D2EHPA, and Mn- 
D2EHPA complexes are shown in Figure 22. D2EHPA spectrum 
No. 1 was taken as a liquid film, and as a smear of waxy 
solids on NaCl window, in the case of Mn and Na complexes, 
No. 2 and 3, 

D2EHPA and its manganese salt do not show the 
presence of free OH in the vicinity of 3500 a Res indicat- 
ing that the ligand exists as a dimer with hydrogen bond- 


ace a 


» The broad band due to OH bending vibratian, pres- 
ent in the spectrum of D2EHPA between 1640 - 1730 cm? dis- 
appears in the spectrum of the Mn complex. The phosphoryl 
mae” band at 1227 cae for D2EHPA remains unchanged 
for Na-D2EHPA but shifts to 1192 curs for Mn complex. The 
band at 1025 en (due to P-O-C) remains unchanged in all 
three spectra, although, it broadens in the case of Na 


salt of D2EHPA. 
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INFRARED SPECTRA OF D2EHPA, 
ITS Na AND Mn COMPLEXES 
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Mn complex shows a new band at 1100 ane which 
shifts to 1088 ca” in the case of Na-D2EHPA. The bands at 
1192 ipl, and 1100 th? may be attributed to the asymmetric 
and symmetric POO vibration of Mn-D2EHPA complex. In case 
of Na-D2EHPA salt the asymmetric band remains fixed as in 
the acid at 1227 2h Also, the spectrum of the Mn complex 
shows a shoulder at 980 ee which is better resolved in the 


-l 
case of Na-D2EHPA at 968 cm , 


E. Mechanism of Extraction 


The complex species of Mn-D2EHPA appears to form 
in the bulk of aqueous phase, to diffuse to the interface and 


then to partition between organic and aqueous phases (41) 


a An ex - 
periment was designed to test this mechanism; for this pur- 


pose, H,O was saturated with D2EHPA (the solubility was 


2 
found to be of the order 6-8 p.p.m.), and during this the 

pH decreased to 4.5. Excess MnsO, was dissolved in the sa- 
turated solution of ligand after thorough shaking, the sol- 
ution was then equilibrated with pure kerosine, and pH was 
adjusted with dilute NaOH to 5.0. The organic phase was found 
to contain 3-4 mg. Mn/l. From this simple experiment it can 


be said that the complex formation in solvent extraction 


takes place according to the following mechanism, 
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Dissolution 
[HL] 
2(0) 
HL = (HL ae a 
( )2(0) )2(a) [HL] 2(a) 
pk = 1.42 + 0.05 
Dissociation 
t+. 2°, 712 
+ : H L 
Sig) aa Pe ene hs 
2 (a) 
pk, = 2.80 + 0.1 
Complex formation 
+ * 
Mn *+2b7-=.Mnk k= Oe 
; we [Mn**} [17]? 
a 


Partition of the complex in two phases 


[MnL.] , 
MnL = MnL pte 
2 (a) 2(0) [MnL] , 


[Mn] = p{Mnb,], = k piMn”*) [L7]° 


ae [Mn™"] LHL] 2 (a) ki kop [Min ™"] LHL] 2 (9) 
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++ 
K[Mn**] [HL], 


, (0) 
Fa} 3 (90) 
where 
k,k 
K= 12, 
k (91) 


F, Structure of Mn-D2EHPA Complex 


The dependence of manganese extraction on D2EHPA con- 
centration and on pH value of aqueous phase suggests that 
manganese extraction is directly proportional to the 2nd 
power of D2EHPA concentration. Equation (88) shows how the 
complex formation may take place between the metal cation 


and the ionized dimer molecule of the acid. At the 


c° /C ratio of 0.5 the structure of the Mn-complex 
Mn D2EHPA 
could be: 
(RO), (OR) , 
Fie / S/ 
BS 
(roy, No No% (OR) , 
or I 
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where R = CH, (CH,), 


As the saturation of ligand increases the compos- 


CH(C_H, (-2-ethylhexyl group. 


ition of complex tends towards Mnl X-ray diffraction 


2° 
gives no clue to the structure of the complex. The material 
is a waxy solid of purple colour. Thus, the structure could 
be a chain structure, as suggested in III, or a three dimen- 
Sional net work. From the analytical results of a saturated 
manganese complex the ratio of Mn to P is 1:2. It is likely 
that the three dimensional net work has an ultimate Mn to 
D2EHPA ratio of 1:2. Termination of the chain'could occur 
through free P=O and P-OH groups or through the formation 

of a 4 membered ring with a Mn atom, e.g. (RO). Mn, in- 


O 
stead of a linear structure. 
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Three dimensional network 


Chemical analysis of the saturated D2EHPA-Mn com- 


plex given in Table XVI shows that the ratio of ligand to 


Mn indeed is 1:2, 


Table XVI 


Analysis of Mn - D2EHPA Complex 


Theoretical at 


Mn-D2EHPA 1:2 Experimental 
55.00% 95.27% 
8.30% 8.42% 
18.30% ai 
9.15% 8.98% 
nil 0.025% 
7.87% 8.09% 


Molar Ratio of Mn:P = 1:1.99 
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HYDROGEN REDUCTION OF THE Mn-D2EHPA COMPLEX 


The thermodynamic evaluation of the reduction; of 
MnO by hydrogen (reaction 45) reveals that the reduction is 
not favored. One may speculate, however, that the Mn-O bond 
in the Mn-D2EHPA complex may possibly be cleaved by the 


hydrogen reduction, regenerating the ligand according to the 


mechanism 
O 
(roy, 2 +! 
2 x 
0} 0) 
\ ef 
{Mn + H, + 2(RO)_-— P + Mn 
¥4 2 2 ~ 
obs OH 
(RO), - Pp | 


CZ 


Cleavage 


The reduction of Mn-D2EHPA solutions in benzene, 
and kerosene, was attempted in a rocking 1 litre autoclave, 
under a pressure of hydrogen ranging from 500 to 2000 Psig, 
and at temperatures from 50-200°C. It was observed that no 
noticeable change occurred below 150°C and 1000 Psig hydrogen 
pressure, At higher temperatures and pressures a white to 
grey product was obtained. The chemical analyses of the 
solid residues obtained from the reduction of 0.25 molar sol- 


utions of Mn-D2EHPA complex in benzene and kerosine at 200°C 
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and 1500 Psig are given in the Table XVII. 
Table XVII 


Chemical Analyses of the Reduction Product 
of Mn-D2EHPA 


C H P Mn 


Theoretical 
Mn in Mn.P.0. Calcd. from the 


Solvent 2204 
Analytical Value 


Benzene 1 13.34 of P. 
2 1G peal 

Kerosene 1 10.8 
2 10.25 


It can be seen from Table XVII that the compo- 
sition of the product approximates that of the pyrophosphate 
of manganese. Infrared spectra of the precipitated solids 
“in nujol showed strong absorption in the region 950-930 cm. 
The absorption in this region is assigned to the asymmetric 
P-O-P absorption by Daasch and Smith??? Also there is a 
strong absorption band near 700 om? which is assigned to 
P-O vibration of the pyrophosphate, by Holmstedt and Jecnsdne te 

The benzene phases of tests (1) and (2) were com- 
bined and subjected to fractional distillation. The fract- 
ions obtained at various temperatures were collected separa- 


tely and analysed using gas chromatograph. They are given 
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Table XVIII 


Chromatographic Analysis of Benzene Phase 


Collected at -°C 


Fraction 


n-Hexane CH, (CH,),CH, 

n-Heptane CH (CH,),CH; 98.5 
iSO-Octane (CH, ) ,CH(CH,) ,CH, 116 
2-ethyl hexane CH, (CH,) ,CH(CH, ) CH, 118.9 


The above data indicate that reactions taking 
place in the autoclave are very complex. However, it would 
appear that the cleavage occurred at the C-O linkage rather 


than at the expected Mn-O, e.g. 


0 
CH_ (CH CH(C,H ‘ »7 
TCE. Fama 

0 


| J 
? ve 
[CH, COHEN a7 < 


O 
cleavage 
As the metallic manganese production by hydrogen 
reduction of the Mn-D2EHPA complex did not succeed, the electro- 


lytic method is investigated. 
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PRODUCTION OF METALLIC MANGANESE BY ELECTROLYSIS 


Electrolytic production of manganese from aqueous 
solutions of sulphates and chlorides of.manganese and of cor- 
responding ammonium salts in a diaphragm cell has been 


carried out by several investigators including in wends st 


(45) (46) in Russia. 


in England, Grube in Germany and Zaretskii 
The German work closely approximated the conditions of suc- 
cessful commercial production; the manganese deposited was 
in the ductile or gamma form. 

The first work on the development of a process 
for the electrowinning of manganese from low grade U.S. 
ore was carried out by a group including Koster and 


Sheiton‘4”) 


in the U.S. Bureau of Mines, Nevada. A process 
has been developed using sulphate electrolytes. The develop- 
ments of the electrolytic processes up to 1945 are thoroughly 


(48) in Metal Industry (London). 


covered in a review 
Until then very little attention had been direct- 
ed towards cathodic deposition of manganese from chloride 
electrolytes. Oaks and Bradt (49) investigated extensively 
the use of chloride electrolytes, employing either 96 per 
cent Mn anodes or platinum anodes. The optimum conditions 


reported by them for obtaining good quality deposit are 


listed in the Table XIX. 
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Table XIX 


Optimum Conditions for Electroplating Manganese 


(Oaks and Bradt) 


Anode commercial 96% 

Cathode copper sheet 

Cell porous diaphragm cell 

Electrolyte 300-400 g/l MnCl, + 
30 g/l NH, C1 

Current density 20 amp/ cm 

Voltage 4¢S°*r$e5*volts 

Temperature 26°C 


Oaks and Bradt's investigations were carried out 
on a very small scale and in no case was the manganese ob- 
tained greater than 1 gram quantity. They concluded that 
the manganese chloride electrolyte was not capable of con- 
tinuous use because the anode efficiency was greater than 
the cathode efficiency, resulting in gradual increase of 
manganese concentration in the solution and the subsequent 
formation of hydrated manganese oxide. 

Thanheiser and Hubola 6°” obtained good deposits 
at 10 am p/ dm current density from an electrolyte contain- 
ing 47-82 g/1 Mn as the chloride and 160 g/l NH,Cl. They 


4 
found that the pH of the electrolyte decreased during el- 
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ectrolysis and it was necessary to make continuous addition 


of ammonia in order to maintain the pH in the desired range. 


They had difficulty, however, in obtaining reproducible re- 
sults because of the deterioration of the electrolyte. 


(51) 


Jacobs has experimented extensively with de- 
position from chloride solutions. The conditions for the 


maximum current efficiency reported by him are given in 


Table XX. 
Table XX 
Conditions for Manganese Deposition from 
Chloride Bath 
Anode Graphite 
Cathode Stainless steel 
Diaphragm Vinyon 


Mn in feed solution 54 grams per litre 


NH,C1 110 grams per litre 
Mn in catholyte 14 grams per litre 
SO, 0,05 grams per litre 
Current density 45 amps per sq.ft. 
Cell potential 3.4 volts 

Current efficiency 70% 


The chloride electrolytes are better conduct- 


ors than sulphate solutions and the potential drop from 
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the graphite anode to the solution is less than from the 
oxide coated anode used in the sulphate cell. The overall 
result in a cell voltage of 3.57 for the chloride cell as 
compared with 4.83 for sulphate cell. This represents a 
reduction of 25% in power consumption. The pH range in 
which the manganese can be deposited at maximum efficiency 
is greater with chloride than sulphate, hence manganese 
recovery from the solution may be increased. The disad- 
vantages of the chloride process are the more corrosive 
nature of the solution, creating equipment problems, and 
the loss of ammonia by decomposition at the anode. The 
gas evolved at the anode is approximately 99% N, and 
about 1% Cl.4. 
| There is no doubt that the electrolysis of 

aqueous solutions for the production of manganese will not 
loose its significance because of its unusual flexibility; 
it permits the use of waste products and poor ores that are 
unsuitable for the extraction of manganese by other means 
and it gives a metal requiring no further purification. 
However, because of high cost of electrolysis the possibi- 
lity of developing a parallel cheaper process seems rather 
tempting. 

Very little work has been done on the electro- 
winning of manganese from non-aqueous media. The only ap- 
propriate reference is that due to Dirkse and Brisco (94) | 


who deposited a series of elements including manganese 
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from ethers, acetones and alcohols. 


A. Choice of Electrolytic Media 


Since manganese is on the negative or base end 
of the electromotive series of elements(Mn /Mn=-1.18V) it 
evolves hydrogen from aqueous solutions. Because of its 
reactivity with water metallic manganese is not plated 
from aqueous solutions, unless additions of 100-150 g/l 
of ammonium salts are made to prevent oxidation of Mn. 
Ammonium salts also serve as buffers for the catholyte, 
in addition to the increase in electrical conductivity. 
The disadvantages, however, are low current efficiency, 
low catholyte concentration, redissolution of some of the 
deposited Mn due to the lowering of pH as the electrolysis 
proceeds, 

The purpose of this’investigation was to de- 
velop a method of electroplating coherent and bright coat- 
ing of pure manganese from organic electrolytes. 

In the exploratory phase of this work chemical- 
ly pure Mnso, and MnC1, were used. Detailed electrolytic 
studies were limited to MnCl, because of the relative in- 


solubility of MnSO, in most of the organic solvents. The 


4 
solvents in which the electrolysis of MnC1, was studied 


are listed in Table XXII. 
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Table XXI 


Physical Properties of Organic Solvents 


Density Viscosity Sp.Condugt. Dielectr. 


Solvent g/m1- C.p. mho cm™ const. 
Formamide 1.129 feeumeeda2xlp.° 10905 
N-N Dimethylformamide 0.944 .0796 1.6 x10’ 36.71 
Dimethyl sulfoxide 1.096 0.196 3 x10° 46.6 
N-N dimethylacetamide 0.937 Moz 1:4 x10. 37.8 
Pyridine 0.978 .0883° 1:0 x10" 1253 
Nitrobenzene 1.198 0.182 Pep x10 0%. 34.91 


Electrolysis of MnCl, in dimethyl sulfoxide (DMSO), 


2 
Pyridine and nitrobenzene yielded a brown to. black non-met- 
allic deposit giving qualitatively a positive test for man- 
ganese. The solutions were poorly conducting. In order to 
obtain a c.d. of 20-30 m amp/em? the voltage had to be 
raised considerably with the result that the electrolyte 
temperature was raised to about 60°C in some cases, 

Dimethyl sulfoxide also gave a black uncompacted 
deposit which fell off the cathode during electrolysis. 
The deposit contained 5-8% C and 0.5 - 1.5% S. 

The electrolysis of MnC1, using amides as electro- 
lytes gave a dark metallic deposit of manganese. Ina qua- 
litative electrolytic test when the anode and the cathode 


products were allowed to mix in an undivided cell a brown 
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coloration was produced around the anode. The cathode de- 
posit started to redissolve as the electrolysis proceeded. 
In another experiment where pure amides were used as an 
anolyte which was separated with a fritted glass diaphragm 
from a MnCl, solution of amides furnishing the catholyte 
(using a pure graphite anode and a 18-8 stainless steel 
cathode), again a brown coloration appeared around the anode 
upon the passage of current. Infrared spectra of this 
brown material showed the presence C-N and C-Cl bond. 

This compound has been identified as cyanuric acid by 


cooy and later by Couch 4) , The presence of 


Schneider 
C-Cl bond indicates that the material produced may also 
contain cyanuric chloride. The infrared spectra of the 
catholyte showed the presence of secondary and tertiary 
amings. The catholyte however, remained clear. In order 
to save the electrolyte from decomposition the anolyte 
used in the subsequent tests was an aqueous solution of 
NH, Cl. Maintaining the catholyte pH around neutral point 
it was observed that bright metallic microcrystalline man- 
ganese was deposited using formamide solution (Figure 23). 
The deposits were dull dark and contained pin holes when 
DMF and DMA were used (Figure 24). The chemical analyses 
of the deposited Mn from catholyte solutions containing 


10 g/1 Mn as MnCl, and anolytes containing 90 g/1 NH,Cl 


2 4 


plus 20 g/l HCl, at a current density 40m amp/cm, 


maintaining the catholyte pH around 7.2, are given in the 
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Fig. 23 Bright and smooth manganese deposited 


from a formamide bath. 


Fig. 24 Manganese deposited from Dimethy] formamide 


showing pin holes and "tree growth". 
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Table XXII. 


Table XXII 


Chemical Analysis of the Electrodeposited Manganese 


from Organic Solvents 


Solvents % Mn oa % O 
Formamide 98.6 - - 

N-N DMF 81.4 Aes 4.4 
N-N DMA 76.9 Sed 6.5 


From these results it appeared that formamide was 
the most satisfactory electrolyte for the Mn electrolytic 
bath. The high dielectric constant of formamide focused 
our attention and decided us to undertake systematic study 
to investigate the influence of different variables on the 
current efficiency and the nature and properties of the 


electroplated manganese. 


B. Electrolysis of Manganese from’ the Formamide Baths 


Electrolytic studies in aqueous solutions by dif- 
ferent workers indicate that a large number of variables have 
an important effect on manganese deposition. However, the 


most important appear to be the effect of: 
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1. anolyte composition and pH 

2. catholyte composition and pH 

3. temperature, and 

4. current density, 

A necessary prerequisite of a plating bath how- 
ever, is that a sufficiently high concentration of the cat- 
ion be maintained in solution. This made it necessary to 
study the solubility and conductance of MnCl. in formamide. 
The change in the conductivity of formamide with the 
increase in MnCl, concentration is plotted in Figure 25. 
The abrupt change in the conductivity indicates the forma- 
tion of some MnCl,.x(HCONH,) Complexes. The solubility of 
manganous chloride in formamide at 25°C was found to be 


about 82.6 g/l. 


1. Effect of Anolyte Composition and pH on the 
Current Efficiency. A series of anolyte solutions were made 
by dissolving 2.5 to 13 g. NH, C1 in 100 ml of distilled water. 
The pH of 1-5 was adjusted with HCl. A 1% solution of Mn as 
MnCl, in formamide tentatively furnished the catholyte. The 
pH was found to be 8.6. The electrolysis was conducted in a 
diaphragm H-type cell using graphite anode and stainless steel 
cathode at a current density of 30m amp/cm?, The cell and 
the equipment used for electrodeposition of manganese is 
shown in Figure (26a) and (26b). The data obtained from the 


tests showing the effect of the variation of pH © the 


current efficiency at different NH,C1 concentrations are plot- 
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Fig. 26a. Electrolytic Cell 


Fig. 26b. General View of the Set-up for the 


Electrodeposition of Manganese 
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ted in Figure 27. The current efficiency increases with the 
decrease in the pH; conversely, the current efficiency in- 
creases with the increase in NH, C1 concentration up to about 
90 g/l and then decreases slightly. The critical pH at low 
NH,C1 concentration (10 g/l) is 1.8 which is raised to 3.0 by 
increasing NH C1 concentration toe1Z0 g/t (c.f. curve A and 

D in Figure 27). The deposits at anolyte pH above 2.5 were 


black, flaky and tended to fall off the cathode. 


2. Effect of Catholyte Composition and pH. Figure 


28 shows the effect of varying pH on the current efficiency 
at different MnCl, concentrations. The anolyte contained 


80 g/l NH, C1 and its pH was fixed at 2.5. All other condi- 
tions were held constant. It'can be observed that the crit- 
ical pH, defined as the pH at’ which the current efficiency 
is maximum at a particular cationic concentration, is de- 
creased with the increase in the manganese concentration 
of the catholyte. The current efficiency however, increas- 
es with the increase in the Mn concentration up to 18 g/l 
then it decreases. It can therefore be concluded that in 
order to maintain maximum current efficiency the pH of the 
catholyte should be decreased. 

The deposits from the catholytes containing 10-20 
g/l MnCl, were from bright and smooth to fine crystalline, 
brittle and could be readily chipped off the cathode by 
flexing the latter. 


Figure 29 shows the smooth chipped off manganese 
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Temperature 30°C 
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Mn in the catholyte 10 g/l 


Fig. 27 Effect of anolyte pH on the current 
efficiency at variable NIL, C1 concen- 
trations. 
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Figs’ 28 cEffcct of pH» on the current efiiciency 
at variable manganese concentritions 
in the catholyte. 
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of approximately 99% purity (analysed polarographically) 
on the steel cathode, The overall current efficiency 
was 79.7%. At catholyte concentration above 20 g/l Mn 
the current efficiency decreases due to the nodulizat- 
ion of deposit particularly on the edges. A typical 


example is shown in Figure 30. 


3. Effect of Current Density. Manganese can 


be deposited over a wide range of current densities with 
only slight variation in current efficiency. At high 
current density however, the current efficiency increases 
when the electrolysis is not prolonged. If the electro- 
lysis is continued for longer intoevele the growth of 
nodules and trees illustrated in Figure 31 will change 

the current efficiency markedly. Figure 32 shows the change 
in the current efficiency with the increase in the current 


density. 


4, Effect of the Addition of Sulphur Compounds. 


Electrodeposition of manganese from the solution of manga- 
nese compounds and ammonium salts results in a gamma or 

ductile form. The commercial process however, depends on 
the transformation of the gamma form to the alpha form as 
it is deposited. This transformation is brought about by 
the presence of certain reducible sulphur compounds in the 
electrolyte. The first successful process utilized SO, 


(or sulphites)., 
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Fig. 29 Chipped off deposit Fig. 30 Nodulized manganese 


of manganese at a catholyte deposit at a catholyte con- 
concentration of 14.7 g/1 centration of 25.5 g/l MnC1, 
MnCl 

Z 


Fig. 31 "Tree growth" on prolonged electrolysis 
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Fig. 32. Effect of current density on current 
efficiency. 
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The exact function of sulphur compounds has not 
been determined. Its addition in the electrolyte prevents 
the oxidation of the catholyte and the precipitation of man- 
ganese dioxide; the conductivity of the electrolyte is 
also increased and so is, consequently, the current ef- 
ficiency. 

The amount required to maintain a good current 
efficiency is only about 0.1 gram sO, per litre of electro- 
lyte. It is found that with all the conditions favourable 
for electrodeposition of manganese the current efficiency 
will fall off after a few hours in the absence of SO,. 
Analysis of the metal deposited with and without SO. shows 
that the sulphide sulphur content of the metal made with- 
out 50, does not exceed 0.0032% while with 0.1 gram per 
litre sO, the sulphur content rises to 0.02 - 0.05%. 

The conditions necessary for efficient deposition 
of manganese are also favorable for reduction of sulphur 
and its inclusion in the deposit, as also for the trans- 
formation of gamma to alpha manganese. The compounds of 
sulphur that were tested were ammonium and sodium sulphides 
and sulphites, dithionates and xanthates. An amount 0.05 
to 0.15 gm/1l (calculated as SO.) was found to be adequate 


for a good current. efficiency. 


5. Effect of Temperature, It is advantageous 


to evaluate the highest possible temperature at which Mn 


could be electrodeposited so that unnecessary cooling 
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could be prevented. 

The effect of cell temperature on deposition from 
a catholyte containing 16 g/l Mn at pH 7.3 and anolyte con- 
taining 90 g/l NH C1 at pH 2.4 using a current density of 


2 : : 
50 m amp/cm is given in Table XXIII. 


Table XXIII 


Effect of Temperature on the’ Current Efficiency 


Cell _temp.°C mg Mn plated Cell pH véitage Current eff. 
28.6 81.6 120 Gs 74.6 
339 83.5 7Tepa 6.2 77.4 
40.3 82.3 7.50 6.05 76.2 
45.0 78.6 7i75 S.eo 7146 
51.4 7440 7.90 5.80 66.9 


It is seen from the Table XXIII that at about 
35°C maximum current efficiency is obtained. Although the 
cell voltage drops steadily with increasing temperature 
the simultaneous drop in current efficiency more than off- 
sets this so that no overall advantage in power consumption 
per pound of manganese deposited is obtained. 

Figure 33 shows the dependence of the cell volt- 
age v on the current density 1 of the process of electro- 
deposition of manganese. We can see that with the decrease 


in temperature the current density decreases sharply, as re- 


tif 


mort aolsizogeb no etussreqme2 {189 te : 
-n0> esylons bas €.% Pq 28 al I\g jevilakass - > srtelives: 

to chasis InoTIUD & gnteu as Hq a8 1 108 gatas 
; " Beses efdaT at sroxtgeet fas Ng iat 0 


rs , 
uy Tt? ie 
| 


- 


1I12XX oldsT 


FAIA Saori) ed? ao stusatse 


yong iv 


Iie) ' eb 
.tte sme tH) ons? Lo¥ Hq Iie) betel, ni om 2* gms 


3.87 2 02,7 9.18 ay 
bore $43 2t.¢ 2.28 ey es 
6,01 20.2 o2.% E.S8 rei E.0h 
d5it 28,2 20,% 0.8% ; 02h | 
2,20 08.2 oe .f a.17 | Pele 


: 
Sige 
t 


iuods te as} BeLes olds ot mort seee ef a1 
ons dgworlt PA oo ee ei xoneisitee Ihertws muni xem 3 
StuUteteqmes yi 2nevoni ask \Libssie tqorb eyastov 1 
-tto asts otom yousioitio ‘Sagzi2 wi qorb auoene 
noitquvenos 1ewoq nt dgubudieen ilsisvo. on sais ae 
benintde ai, bestizoged stonegine 26 ¥ 
-tiov [lea sit io sono bnsqeb oat wade et ots 
-o1toels bo 2esD0Tg ota tor Maiaaeh: aoe 
oenst2eb od Atiw salt o9@ ano es a 


-ot 28 ,viqrade zezsetosh ¥ 


&. 


114 


Mn concn.=10 g/l 
NH,Cl = 90 g/1 
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1 


100 
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Fig. 35 Dependence of electrode potential 
‘v'‘on the current density. '1',at 
various temperatures. 
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presented by the point of inflection on the curves. After 
this the current density rises sharply. 
A similar in character dependence of potential 


on the current density was obtained by Agladze (95) 


» who in- 
vestigated the kinetics of the cathodic deposition of man - 
ganese from aqueous solutions on an amalgam electrode. 
Analyzing the influence of temperature on the 
nature of vy versus 1 curve, it can be seen that as the 
temperature increases the overvoltage of hydrogen on Mn 
decreases with the result that the height of the plateau 
increases (in Figure 33). If the temperature dependence 


of the polarization is sharper for manganese than for 


hydrogen i.e. if the following relationship holds 
(d (Av)/dt), > ae NS (93) 


then the steady state potential should become more nega- 
tive with increasing ‘temperature. If on the other hand 
the contrary is the case, that is 


(tv) ae) > (dlAv) sat) (94) 
H Mn 


2 
then a displacement of the steady-state-potential in the 
positive direction should be expected. In the electro- 
deposition of manganese this latter situation is realized; 


however, the change in the steady state potential is small. 
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Consequently d(Av)/dt for the Mn and H,, differ negligibly. 
Thus the cathodic evolution of hydrogen in the electro- 
deposition of manganese takes place according to the cata- 
lyticvactionsot the metal Sionaunicheactseas a sink for 


electronSand redissolves in the catholyte according to 


the following mechanism: 
+ = 
Mn“ + 2e + Mn (95) 
+ + 
Migetae resp It ees (96) 


6. Effect of Stirring. On agitating the electro- 


lyte the plating conditions in general are improved due to 
a more uniform composition of the electrolyte. Stirring 
proved especially beneficial for the rate of manganese de- 
position, although the nature of the deposit seemed to be 
little affected. 

A statistical analysis of the influence of the 
parameters on the current efficiency and the nature of the 
deposit indicates that the most favorable bath composition 


would be as follows: 
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Table XXIV 


Cell-Operation Data for Electrowinning Mn 
from a Formamide Bath 


Catholyte 
Mn b2-16 g/l as MnCl, 
in formamide 
pH Jaa Sn ay Til 
Anolyte 
NH C1 80-100 g/l 
pH 20 Su eaeo 
Current density 50 ma/cm? 
Temperature cbt € 
Current efficiency 77% 


The electrolytic conditions established for the 
reagent grade manganous chloride in formamide were then 
applied to the manganese recovered from the ore. 

The loaded solvent (i.e., Mn-D2EHPA complex) was 
stripped with concentrated HCl or HCl gas in formamide, on 
the counter current principle till the formamide solution 
was ‘almost neutral. The rehares reaction taking place 


* 


may be as follows: 


MnL , e 2nUl- = MnCl, + 2HL (97) 
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Where L is the di(2-ethyl hexyl)-phosphate residue. The 
ligand is completely insoluble in formamide; the latter 


therefore, contains only MnCl This solution after ad- 


2° 
justing the pH and concentration was subjected to electro- 
lysis in the diaphragm cellused for preliminary experi- 
ments. 

The deposited manganese was analysed polaro- 
graphically. X-ray diffraction pattern in Figure 34a com- 
pares with a standard alpha manganese (99.9% Mn from 
Electro Manganese Corporation) in Figure 34b. The three 


strong lines correspond to the d value of 2.09, 1.21, 


1.89A°., 


C. Electrode Reactions 


It has been indicated £59) that formamide and 
other alkyl amides co-ordinate through oxygen with metal 
ion, as Lewis acid. This coordination through oxygen 
drains electron density out of the oxo bond thus lowering 
the bond order and decreasing the force constant. Thus 
the complex should be broken on electrolysis liberating 
the metal and regenerating the ligand. Representing 
formamide (HCONE, ) by R the equilibrium MnCl, complex 


with formamide may be represented as follows: 
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MnCl, + xR = MnCl1..xR (98) 
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Fig. 34a X-Tay4diffraction pattern of 
the manganese deposited from 
the formamide bath. 


Fig. 34b Ne Tay edt traction pattern .ot 
the standard alpha manganese 
(from Electro-Manganese Corp.). 
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Cryoscopic determinations revealed that the MnCl 


2 
has on the average 2-4 moles of (HCONH, ). The solution, 
therefore, may contain Mn (HCONH,) C1. and Mn (HCONH,) ,C1. 

The reaction at cathode may be represented as 
[Mn (HCONH,) |] ** + 2e + Mn + xHCONH, (99) 
The anode reaction should be 
2 Cog oe Gl ee 2 (100) 


In actual practice however, the content of chlorine in 
the gases produced at the anode is 1 to 2%. The titration 
of anolyte revealed that free acid is produced, the amount 


of which approximately corresponds the following reaction 


2NH C1 - Cl, + No + 8HC1 (101) 

The anodic reaction therefore can be assumed to 
be essentially the oxidation of ammonium compounds. 

The catholyte was found to be alkaline. Although 
theoretically it should be acidic due to the diffusion of 
acid from the anode compartment. 

Qualitative tests and infrared spectroscopy in- 
dicated the presence of primary secondary and tertiary 


amines. These may have been produced by the electrolytic 
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reduction of amides according to the following reaction 


HCONH, *2H, - CH.NH., + H,0 (102) 
Since all the byproducts formed could not be 
isolated and analysed a material balance for the overall 


cell reaction cannot be accounted for. 
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CONCLUSION 


The laboratory scale investigation has demonstrated 


the feasibility of recovering manganese from a low-grade 


iron-manganese ore from New Brunswick. The best results 


were obtained when the experimental conditions were maintained 


as follows: 


fr. 


When a -65 mesh ore sample was leached with 
16% H,S0, for 30-40 minutes at 60-70°C with 
constant stirring, over 90% Mn was dissolved 
TrOM-cnesone. Lire H,S0, consumption was 
found to°be 1.5 mole for each mole of Mn 
leached out. 
Single stage batch extraction of Mn from the 
leach liquor into a.kerosene solution contain- 
ing 0.5M di(2-ethyl hexyl) - phosphoric acid 
(denoted D2EHPA) showed that Mn was selectively 
and quantitatively extracted and separated 

++ 


trom the dissoived impurities (e.g., Fe , Ca, 


Mg, SiO Gu, ere. }earound pH.5 (as sper 


D9 
stoichiometric equation 51). At higher ligand 
concentration the viscosity of the kerosene 
phase became too high (see Figure 18) for 


effective separation of aqueous and organic 


phases. 
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3. The manganese complexed by D2EHPA in kerosene 
was stripped with concentrated HCl into the 
formamide phase by counter current flow until 
the formamide solution becomes nearly neutralized. 

4. The formamide phase containing 12-16% Mn as 
MnCl. was used as catholyte in the subsequent 
step of electroytic deposition of Mn from an 
organic solvent. 

The pH of the catholyte was adjusted to ~ 7,5 
with NH... 

In order to prevent decomposition of solvent 
and undesirable side-reactions a diaphragm cell 
was used, with anolyte consisting of an aqueous 


solution of 20eI00 of LeNH Gl at ‘a pHi of = 2.5. 


4 
Electrolysis: of MnC1,-formamide at a current 
density of 50 ma/cm” and 6.5 volts in a diaphragm 
cell resulted in a current efficiency of about 76%. 

Comparing the electrolytic processes using aqueous 

MnC1, with this process, using formamide solution of MnCl. it 

has been found that the MnC1.- formamide solution has a higher 

conductivity. The pH of the catholyte can be raised to ~ 8.0 

without precipitating Mn (OH) .. The current efficiency is also 

higher than in the corresponding aqueous electrolytes. 
The disadvantage of maintaining a higher pH was that 


on continued electrolysis the catholyte became turbid and the 


current yield was not reproducible. 
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The preliminary laboratory experiments point to a 
possibility of developing a new process for Mn reaction. The 
values of parameters established for the individual steps may 
not be the final ones for a4 large scale| process, but never- 
theless they can serve as a useful guide for the subsequent 
pilot-plant testing. For an evaluation of a final flowsheet 
it will be necessary to re-examine the effect of changes in 
parameters by successive approximations, to find the effects 
of continuous versus batch treatment, and to examine a number 
of new parameters like the geometry of cell and electrodes in 


the electrolytic step, accumulation of impurities, etc. 
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Fig. 35 A flow sheet for leaching, solvent extracting 
and recovering wlanganese by electrolysis 
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